A&-  3  3  7  S’ 


SOLID  STATE  ELECTRONICS  LABORATORY 


[ 


STANFORD  ELECTRONICS  LABORATORIES 

OEMRTMENT  OF  ELECTRICAL  ENGINEERING 


STANFORD  UNIVERSITY  -  STANFORO.  CA  94305 


SSEL  11-79 


INTERIM  TECHNICAL  REPORT 
SUBMITTED  TO 

ADVANCED  RESEARCH  PROJECTS  AGENCY 
ARLINGTON,  VIRGINIA  22209 


LASER  AND  ELECTRON  BEAM  PROCESSING  OF 
SEMICONDUCTORS:  CW  BEAM  PROCESSING 
OF  ION  IMPLANTED  SILICON 


BY 

STANFORD  UNIVERSITY 
STANFORD,  CALIFORNIA  94305 


FOR  THE  PERIOD  APPROVED  FOR  PUCLIC  RELEASE 

JANUARY  1, 1978  THROUGH  distrio.t.cw  unlimited 

DECEMBER  31, 1980 


*04  foi-n-0-o'*r 

a o  i 


Dr.  James  F.  Gibbons 

Program  Manager  and  Principal  Investigator 
Professor  of  Electrical  Engineering 
Stanford  Electronics  Laboratories 


NIC  F'LE  COPY  83  10  04  191 


tv-*! 


INTERIM  TECHNICAL  REPORT  —  DARPA 


MDA903-73-C-0128 

LASER  AND  ELECTRON  BEAM  PROCESSING  OF  SEMICONDUCTORS 
January  1,  1978  through  December  31,  1980 

Principal  Investigator  --  J.  F.  Gibbons 


I.  INTRODUCTION 

A 

Research  on  the  use  of  directed  energy  sources,  particularly  cw 
lasers  and  electron  beams,  for  semiconductor  processing  operations  has 
been  carried  out  at  Stanford  under  the  principal  sponsorship  of  DARPA 
since  January  1,  1978.  Over  the  two  years  from  January  1,  1978  to 
December  31,  1980,  research  effort  has  been  concentrated  on  three 
principal  topics: 

(1)  Use  of  lasers  and  electron  beams  for  annealing  ion  implanted 
silicon  under  solid  phase  conditions; 

(2)  Use  of  lasers  and  arc  sources  for  recrystallization  of  thin 
polysilicon  films  and  a  study  of  the  device  potential  of  this  material; 
and 

(3)  Use  of  cw  lasers  and  electron  beams  for  promoting  metal 
silicide  reactions. 


In  the  following  report  we  collect  papers  on  the  annealing  of  ion 
implanted  silicon  published  during  the  period  of  time  indicated  above. 

A  brief  summary  of  the  papers  has  been  prepared  to  provide  an  overview 
of  the  work.  Two  subsequent  reports  will  collect  and  summarize  papers 
published  on  polysilicon  and  silicide  formation,  respectively^  _ _ 
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SUMMARY  OF  STANFORD  PAPERS  ON  CW  BEAM  PROCESSING 
OF  ION  IMPLANTED  SILICON 


Research  at  Stanford  on  the  use  of  cw  lasers  and  electron  beams  for 
annealing  ion  implanted  silicon  has  led  to  the  publication  of  17  original 
papers  and  20  reviews.  The  central  contributions  contained  in  this  work 
are  summarized  briefly  below  with  reference  to  the  attached  papers: 

•  Paper  1  describes  the  construction  and  basic  operation  of  the 
system  used  to  scan  a  focussed  laser  beam  across  a  semiconductor  sample 
at  rates  appropriate  for  processing  operations. 

•  Papers  2  and  3  provide  the  theoretical  foundation  for  cw  beam 
processing  under  solid  phase  (non-melting)  conditions. 

•  Papers  4-7  provide  experimental  confirmation  of  the  cw  beam 
annealing  mechanism  and  measurements  of  the  electronic  and  crystallo¬ 
graphic  properties  of  As+-implanted  silicon  annealed  with  both  scanning 
laser  and  scanning  electron  beam  systems.  The  As+-dose  in  these  experi¬ 
ments  is  sufficient  to  produce  amorphicity  but  not  sufficient  to 
introduce  As  at  concentration  levels  above  the  solid  solubility. 

•  Papers  8-10  show  that  the  cw  beam  annealing  process  is  capable 
of  incorporating  implanted  As  in  Si  at  concentrations  that  exceed  the 
solid  solubility  and  provide  new  measurements  of  the  solid  solubility  of 
As  as  a  single  substitutional  (non-complexed)  dopant  in  Si  at  temperatures 
in  the  range  700°C  -  1000°C. 

•  Paper  11  describes  the  cw  laser  annealing  of  boron  implanted 
silicon  under  implantation  conditions  that  are  typical  of  present  appli¬ 
cation  for  bipolar  devices. 

•  Papers  12-16  describe  DLTS  measurements  from  which  the  energy 
levels  and  spatial  distributions  of  point  defects  remaining  in  Si  follow¬ 
ing  cw  beam  annealing  are  inferred.  Both  laser  and  electron  beam  systems 
are  used  and  the  results  are  compared  (in  paper  16).  The  annihilation  of 
these  point  defects  by  subsequent  low  temperature  thermal  annealing  is 
also  measured. 

•  Paper  17  (a  review)  contains  original  results  on  the  use  of  a  cw 
laser  to  oxidize  Si  surfaces  and  to  reduce  Qss  in  Si02  films  deposited  on 
a  Si  substrate. 


OVERVIEW  OF  STANFORD  PAPERS  ON 


CW  BEAM  PROCESSING  OF  ION  IMPLANTED  SILICON 


Paper  No.  1 . 

“A  Laser  Scanning  Apparatus  for  Annealing  of  Ion  Implantation  Damage 
in  Semiconductors,  A.  Gat  and  J.  F.  Gibbons,  Applied  Physics  Letters 
32,  3,  172  (Feb.  1,  1978)." 

This  paper  describes  the  construction  and  basic  operation  of  a 
system  that  can  be  used  to  scan  a  focussed  laser  beam  across  a  semi¬ 
conductor  sample  at  rates  appropriate  for  processing  operations.  Experi¬ 
mentation  with  the  system  described  in  the  paper  have  led  to  the  following 
modifications: 

(a)  An  improved,  temperature-controlled  sample  holder  has  been 
built  allowing  the  substrate  temperature  to  be  increased  to  550°C. 

(b)  The  79  mm  focussing  lens  used  for  the  initial  experiments  was 
found  to  have  a  focal  length  that  was  somewhat  too  short.  Lenses  with 
focal  lengths  in  the  range  of  136-267  mm  are  typically  used  in  present 
experiments. 

Contribution:  This  paper  contains  the  first  published  results  on  cw 
laser  annealing  of  As+-implanted-amorphized  silicon.  Two-point  resist¬ 
ance  probe  measurements  were  employed  to  show  that  the  laser  annealing 
ing  process  can  produce  sheet  resistivities  as  low  as  those  obtained  by 
thermal  annealing. 

Paper  No.  2 

"Temperature  Distributions  Produced  in  Semiconductors  by  a  Scanning 
Elliptical  or  Circular  CW  Laser  Beam",  Y.  I.  Nissim,  A.  Lietoila,  R.  B. 
Gold  and  J.  F.  Gibbons,  Journal  of  Applied  Physics  51,  1,  274  (Jan 
1980)." 

Contribution:  This  paper  provides  a  general  mathematical  solution  for 
the  surface  temperatures  produced  by  a  laser  beam  scanning  over  a  target 
having  thermal  conductivity  K(T).  Detailed  numerical  results  are  pre¬ 
sented  for  silicon  and  gallium  arsenide.  The  central  results  of  the  paper 
are  presented  as  a  set  of  normalized,  "linear  temperature",  curves,  with 


-  3  - 


Paper  No.  2  (Cont'd) 

temperature  plotted  as  a  function  of  (beam  power/spot  radius).  The  true 
temperature  is  obtained  from  the  "linear  temperature"  for  each  material  by 
use  of  a  Kirchoff  transform.  The  final  results  permit  specification  of 
experimental  conditions  to  achieve  required  processing  temperatures. 

Paper  No.  3 

"Calculation  of  Solid  Phase  Reaction  Rates  Induced  by  a  Scanning  CW 
Laser",  R.  B.  Gold  and  J.  F.  Gibbons,  Journal  of  Applied  Physics  51_, 

2,  1256  (Feb.  1980)." 

Most  of  the  processes  induced  by  cw  laser  scanning  are  thermally 
activated.  Thus,  when  the  results  of  a  laser  treatment  are  to  be 
quantitatively  evaluated,  one  has  to  account  for  the  fact  that  the 
temperature  at  each  point  of  the  sample  varies  rapidly  with  time  as 
the  (approximately)  Gaussian  beam  is  scanned  over  the  point  in  question. 

Contribution:  This  paper  presents  a  formalism  for  treating  the  general 
problem  in  which  a  given  point  on  the  sample  surface  is  assumed  to  be 
heated  to  the  maximum  possible  beam-induced  temperature  for  an  effective 
dwell  time  teff.  This  effective  dwell  time  is  related  to  the  real  dwell 
time  by  a  "dwell  time  reduction  factor",  which  is  calculated  as  a  function 
of  the  substrate  temperature  for  various  process  activation  energies  (e.g., 
2.2  eV  for  silicon  epitaxial  solid  phase  regrowth,  and  2.35  eV  for  palla¬ 
dium  silicide  formation).  The  predicted  growth  rates  are  found  to  agree 
accurately  with  experiment,  justifying  the  use  of  the  model  for  process 
calculations. 

Paper  No.  4 

"A  Study  of  the  Mechanism  of  CW  Laser  Annealing  of  Arsenic- Implanted 
Silicon",  A.  Gat,  A.  Lietoila  and  J.  F.  Gibbons,  J.  of  Appl .  Phys.  50, 

4,  2926  (April  1979). 

Contri but ion:  This  paper  demonstrates  experimentally  that  laser  anneal¬ 
ing  of  implantation  amorphized  silicon  proceeds  with  a  temperature-time 
dependence  that  can  be  accurately  modelled  as  a  thermal  equilibrium 
solid  phase  epitaxial  process. 


"Physical  and  Electrical  Properties  of  Laser- Annealed,  Ion  Implanted 
Silicon",  A.  Gat,  J.  F.  Gibbons,  T.  J.  Magee,  J.  Peng,  V.  R.  Deline, 

P.  Williams  and  C.  A.  Evans,  Jr.",  Appl.  Phys.  Letters  32,  5,  276 
(1  March  1978)." 

Contribution:  This  paper  establishes  the  fundamental  properties  of  cw 
laser  annealing  of  As+-implantation-amorphizes  silicon,  which  are: 

(a)  Complete  recovery  of  the  crystal  structure  to  a  resolution  of 
50  &  as  judged  by  transmission  electron  microscopy  and  transmission 
electron  diffraction. 

(b)  Complete  electrical  activation  of  the  impurities  as  judged  by 
spreading  resistance  measurements. 

(c)  Absence  of  any  dopant  redistribution  during  laser  annealing  as 
judged  by  secondary  ion  mass  spectroscopy  compared  with  theoretical 
impurity  profiles  constructed  from  LSS  range  statistics. 


Paper  No.  6 

"Scanning  Electron  Beam  Annealing  of  Arsenic  Implanted  Silicon",  J.  L. 
Regolini,  J.  F.  Gibbons,  T.  W.  Sigmon,  R.  F.  W.  Pease,  T.  J.  Magee  and 
J.  Peng",  Appl.  Phys.  Lett.  34,  6,  410  (15  March  1979). 

Contribution:  This  paper  provides  the  first  experimental  demonstration 
that  a  scanning  electron  beam  can  be  used  to  anneal  ion  implanted 
silicon.  A  scanning  cw  electron  beam  obtained  from  a  Hamilton  Standard 
Welder,  operated  at  a  beam  voltage  of  30  keV  and  beam  current  of  0.5  mA, 
is  shown  to  yield  annealing  results  closely  similar  to  those  obtained 
with  the  cw  laser  in  paper  No.  5  above.  The  analytical  methods  employed 
in  this  study  are  similar  to  those  used  in  paper  No.  5  except  that  MeV 
ion  channeling  is  also  used  to  study  recovery  of  crystal  structure  and 
lattice  location  of  the  implanted  species  after  annealing. 


“Physical  Properties  of  Ion  Implanted,  SEM-annealed  Silicon",  J.  L. 
Regolini,  N.  M.  Johnson,  R.  Sinclair,  T.  W.  Sigmon  and  J.  F.  Gibbons, 
in  Laser  and  Electron  Beam  Processing  of  Materials,  editors  C.  W.  White 
and  P.  S.  Peercy,  Academic  Press,  New  York,  1980,  pg.  297  ff." 

Contribution:  The  feasibility  of  a  modified  scanning  electron  microscope 
for  electron  beam  annealing  purposes  is  demonstrated.  The  results 
obtained  and  the  analytical  methods  employed  are  identical  to  those 
used  in  papers  Nos.  5  and  6  above. 


"The  Solubility  of  Arsenic  and  Silicon  as  Determined  by  Thermal  Anneal¬ 
ing  of  Metastable,  Laser  Annealed  Concentrations",  A.  Lietoila,  J.  F. 
Gibbons,  J.  L.  Regolini,  T.  W.  Sigmon,  T.  J.  Magee,  J.  Peng  and  J.  D. 

Hong ,  i n  Laser  and  Electron  Beam  Processing  of  Electronic  Materials, 
Proceedi ngs  Vol.  80-1,  The  Electrochemical  Society,  Princeton,  New 
Jersey,  1980,  p.  350." 

Contribution:  It  is  shown  in  this  paper  that  cw  laser  annealing  is 
capable  of  activating  metastable  As-concent rat ions  of  at  least  IxlO21/ 
cm3,  which  is  approximately  three  times  the  value  obtained  by  thermal 
processing.  Thermal  annealing  causes  the  metastable  laser-annealed 
concentration  to  relax  to  an  equilibrium  value  which  allows  the  solu¬ 
bility  of  arsenic  in  silicon  to  be  measured.  The  solubility  is  deter¬ 
mined  as  a  function  of  temperature  in  the  range  from  700-1000°C,  with 
values  that  are  substantially  less  than  those  reported  by  Trumbore  [F. 

A.  Trumbore,  BSTJ,  Vol.  39,  p.  205  (I960)]. 

The  nature  of  the  arsenic  deactivation  from  the  metastable  state 
is  studied  with  both  TEM  and  MeV  ion  channeling,  and  the  thermal 
activation  energy  of  the  deactivation  process  is  measured.  This  deacti 
vation  energy  is  found  to  be  very  nearly  1  eV,  leading  to  the  speculation 
that  vacancy  generation  is  responsible  for  the  ultimate  formation  of  As- 
V-As  clusters  and  subsequent  precipitation  of  rods  and  defect  loops. 


"Metastable  As  Concentrations  Formed  by  Scanned  E-Beam  Annealing  of 
As-implanted  Silicon",  J.  L.  Regolini,  T.  W.  Sigmon,  and  J.  F.  Gibbons, 
Appl.  Phys.  Lett.  32,  2,  114  (15  July  1979). 

Contri bution:  MeV  ion  channeling  and  differential  van  der  Pauw  measure¬ 
ments  are  used  to  show  that  cw  electron  beam  annealing  is  also  capable 
of  creating  metastable  arsenic  concentrations  of  up  to  lxlO^/cm^  with 
properties  very  similar  to  results  obtained  in  paper  No.  8. 


Paper  No.  10 

"Metastable  Arsenic  Concentrations  in  Silicon  Achieved  by  Ion  Implanta¬ 
tion  and  Rapid  Thermal  Annealing",  A.  Lietoila,  R.  B.  Gold,  J.  F. 

Gibbons,  and  T.  W.  Sigmon,  to  be  published  in  J.  of  Appl.  Phys." 

Contribution:  It  is  shown  in  this  paper  that  conventional  thermal 
annealing,  when  done  sufficiently  quickly,  can  also  create  a  metastable 
arsenic  concentration.  However,  the  maximum  concentration  obtained  is 
not  as  high  as  the  concentration  obtained  with  either  laser  or  electron 
beam  annealing.  The  results  of  this  paper,  together  with  those  of  papers 
8  and  9,  show  that  arsenic  atoms  initially  take  up  lattice  sites  during 
the  solid  phase  epitaxial  regrowth  of  an  amorphized  layer.  If  the  equil¬ 
ibrium  solubility  of  the  dopant  is  exceeded,  deactivation  (or  precipita¬ 
tion)  takes  place  after  the  recrystallization  process.  This  is  possible 
because  the  (measured)  time  constant  for  precipitation  or  deactivation 
is  substantially  greater  than  that  for  the  epitaxial  regrowth  process. 

Paper  No.  11 

"Use  of  a  Scanning  Cw  Kr  Laser  to  Obtain  Diffusion-Free  Annealing  of 
B-implanted  Silicon",  A.  Gat,  J.  F.  Gibbons,  T.  J.  Magee,  J.  Peng,  P. 
Williams,  V.  Deline,  and  C.  A.  Evans,  Jr.,  Appl.  Phys.  Lett.  33,  5, 

389  (1  Sept  1978)." 

Contribution:  This  is  to  date  the  only  published  study  of  cw  laser 
annealing  of  boron-implanted  silicon.  The  case  is  fundamentally  dif¬ 
ferent  from  those  described  in  papers  1  through  10  in  that  the  boron 
implantation  does  not  typically  produce  an  amorphous  layer  in  the 


implanted  silicon.  Thus  the  annealing  mechanism  is  not  simply  a  solid 
phase  epitaxial  process  proceeding  from  the  underlying  crystalline 
substrate  toward  the  sample  surface.  Rather  the  annihilation  of  point 
defects  and  activation  of  the  implanted  dopant  take  place  simultaneously 
throughout  the  damaged  layer.  Annealing  in  this  case  is  expected  to 
be  more  difficult  than  in  the  presence  of  an  amorphous  layer.  Nonethe¬ 
less,  two-point  probe  measurements  and  transmission  electron  microscopy 
showed  that  the  laser  annealing  resulted  in  essentially  complete  dopant 
activation  with  good  crystalline  quality.  SIMS  measurements  indicate 
that  impurity  diffusion  during  laser  annealing  is  negligible  in  contrast 
to  the  significant  dopant  redistribution  produced  during  typical  thermal 
annealing  sequences. 


Paper  No.  12 

"Constant-capacitance  DLTS  Measurement  of  Defect-density  Profiles  in 
Semiconductors",  N.  M.  Johnson  and  D.  J.  Bartel  ink,  R.  B.  Gold  and  J.  F. 
Gibbons,  J.  Appl .  Phys.  50,  7,  4828  (July  1979). 

Contri but ion:  This  paper  provides  the  theoretical  foundation  for  the 
constant  capacitance  DLTS  measurement  of  defect-density  profiles  in 
semiconductors. 

Paper  No.  13 

"Electron  Defect  Levels  in  Self- Implanted  CW  Laser-Annealed  Silicon", 

N.  M.  Johnson,  R.  B.  Gold  and  J.  F.  Gibbons,  Appl.  Phys.  Lett.  34,  10, 

704  (15  May  1979). 

Contribution:  This  paper  contains  measurements  of  the  enery  levels  and 
spatial  distribution  of  electron  defect  levels  introduced  by  the  cw  laser 
annealing  of  ion-implanted  Si.  The  measured  emission  spectrum  is  domi¬ 
nated  by  two  levels  near  the  middle  of  the  Si  forbidden  energy  gap,  with 
activation  energies  of  0.49  eV  and  0.56  eV.  An  additional  level  at 

O. 28  eV  appears  upon  subsequent  thermal  annealing  at  450°C.  Schottky 
barrier  techniques  are  used  to  form  the  rectifying  barrier  required  for 
the  measurement. 


Paper  No.  14 

"Deep  Levels  in  Ion- Implanted,  CW  Laser- Annealed  Silicon",  N.  M.  Johnson, 
R.  B.  Gold,  A.  Lietoila  and  J.  F.  Gibbons,  Published  in  Laser- Sol  id 
Interactions  and  Laser  Processing  -  1978  (American  Institute  of  Physics, 
New  York,  1$79),  eds.  S.  D.  Ferris,  H.  J.  Leamy,  and  J.  M.  Poate,  AIP 
Conference  Proceedings,  No.  50,  pp.  550-555. 

Contribution:  This  paper  presents  a  comparison  of  defect  levels  obtained 
from  Schottky  barrier  OLTS  measurements  where  the  cw  laser  process  is  used 
to  anneal  both  Czochral ski-grown  and  epitaxial  silicon  wafers.  Results 
obtained  with  these  two  substrates  are  essentially  identical. 


Paper  No.  15 

"Deep  Levels  in  Scanned  Electron-Beam  Annealed  Silicon",  N.  M.  Johnson, 
J.  L.  Regolini  and  D.  J.  Bartel  ink,  Appl .  Phys.  Lett.  36,  6,  425  (15  Mar 
1980).  ~ 

Contri but ion:  This  paper  provides  DLTS  measurements  of  defect  levels 
introduced  by  scanned  electron  beam  annealing.  The  trap  energy  and 
depth  distributions  obtained  are  similar  to  those  obtained  with  cw  laser 
annealing. 


Paper  No.  16 

"A  Comparison  of  Ion- Implantation  Induced  Deep  Levels  in  Scanned  Electron- 
Beam  Annealed  and  CW  Laser-Annealed  Silicon",  N.  M.  Johnson,  D.  J.  Bartelink 
and  M.  D.  Moyer,  J.  F.  Gibbons,  A.  Lietoila,  K.  N.  Ratnakumar  and  J.  L. 
Regolini,  presented  at  Materials  Research  Symposium,  Cambridge,  Mass. 

Nov.  27-30,  1979.  Published  in  Proceedings. 

Contri but ion:  This  paper  describes  electron  defect  levels  measured  in  ion 
implanted  p-n  junction  diodes  annealed  by  both  cw  laser  and  electron  beam 
processing.  As  in  the  previous  papers,  the  two  annealing  processes  are 
found  to  be  comparable  though  there  is  some  indication  that  the  final 
defect  density  produced  with  the  electron  beam  system  is  lower. 


"Applications  of  Scanning  cw  Lasers  and  Electron  Beams  in  Silicon 
Technology",  J.  F.  Gibbons,  Proc.  11th  Conference  on  Solid  State 
Devices,  Tokyo  1979;  Japanese  J.  Appl .  Phys.  19  (1980),  Supplement 
19-1,  pp.  121-128. 

Contribution:  This  paper  contains  a  broad  review  of  cw  beam  annealing 

as  it  may  apply  to  silicon  technology.  Original  results  presented  in 
this  paper  include  measurements  of  (1)  the  oxidation  rate  for  crystalline 
silicon  subjected  to  cw  laser  irradiation  and  (2)  the  degree  to  which  the 
scanning  cw  laser  can  be  used  to  reduce  Qss  in  SiOg  films  deposited  on 
Si  substrates  by  CVD  techniques.  In  both  cases  the  results  are  found  to 
be  similar  to  those  obtained  with  conventional  furnace  processing. 


Paper  fll 

"A  Laser  Scanning  Apparatus  for  Annealing  of  Ion  Implantation 
Damage  in  Semiconductors." 


Paper  § 2 

"Temperature  Distributions  Produced  in  Semiconductors  by  a 
Scanning  Elliptical  or  Circular  CW  Laser  Beam." 


Paper  §3 

"Calculation  of  Solid  Phase  Reaction  Rates  Induced  by  a 
Scanning  CW  Laser." 


Paper  #4 

"A  Study  of  the  Mechanism  of  CW  Laser  Annealing  of  Arsenic- 
Implanted  Sil  icon." 

Paper  #5 

"Physical  and  Electrical  Properties  of  Laser-Annealed,  Ion 
Implanted  Silicon." 

Paper  #6 

"Scanning  Electron  Beam  Annealing  of  Arsenic  Implanted 
Silicon." 

Paper  #7 

"Physical  Properties  of  Ion  Implanted,  SEM-Annealed  Silicon." 
Paper  #8 

"The  Solubility  of  Arsenic  and  Silicon  as  Determined  by  Thermal 
Annealing  of  Metastable,  Laser  Annealed  Concentrations." 


Paper  #9 

"Metastable  As  Concentrations  Formed  by  Scanned  E-Beam 
Annealing  of  As-Implanted  Silicon." 
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A  laser-scanning  apparatus  for  annealing  of  ion- 
implantation  damage  in  semiconductors 

A.  Gat  and  J.  F.  Gibbons 
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The  feasibility  of  annealing  ion-implantation  damage  by  means  of  a  continuous  high-power  laser  is 
demonstrated.  An  apparatus  for  the  scanning  of  a  semiconductor  sample  is  described,  and  a  first-order  set 
of  optimum  conditions  for  annealing  ion-implanted  Si  is  given.  A  preliminary  comparison  between  laser 
and  thermal  annealing  shows  comparable  results  in  terms  of  electrical  activity  of  the  annealed  samples. 

PACS  numbers:  S1.40.Ef,  61.70.Tm 


A  major  problem  associated  with  ion  implantation  in 
semiconductors  is  that  a  thin  layer  of  material  at  or 
near  the  surface  of  the  crystal  is  damaged  during  the 
implantation,  often  being  driven  completely  amorphous. 
For  most  device  applications  some  process  of  annealing 
is  needed  to  restore  the  crystallinity  of  the  implanted 
layer. 

Several  authors1**1  have  reported  the  use  of  pulsed 
ruby  and  Nd-YAG  lasers  for  annealing  of  ion -implanta¬ 
tion  damage  in  semiconductors.  In  addition,  Klimenko 
et  «!.*  describe  annealing  that  can  be  obtained  with  a 
continuous  argon  ion  laser.' However  Klimenko’s  experi¬ 
ments  were  conducted  with  a  low  power  density  in  the 
laser  beam,  which  made  it  necessary  to  irradiate  the 
material  for  several  seconds  to  restore  the  crystallinity 
of  the  ion -implanted  layer.  Also  Kachurin  et  al . 2  de¬ 
scribe  a  mechanical  scanner  for  use  with  an  argon  ion 
laser  for  annealingof  implanted  layers.  In  that  system 
the  semiconductor  sample  was  put  out  of  the  focal  plane 
of  the  lens  and  a  set  of  optimal  conditions  for  a  40 -mm 
lens  was  given. 

The  objective  of  this  work  is  to  prove  the  feasibility 
of  continuous  beam  laser  annealing  under  different  con¬ 
ditions  than  those  described  by  the  authors  cited  above. 
In  particular,  we  wish  to  describe  a  system  in  which 
the  implanted  sample  is  placed  in  the  focal  plane  of  the 
lens.  Since  the  laser  beam  has  a  long  and  narrow  waist 
at  its  focal  point,  small  scanning  angles  will  not  alter 
the  peak  intensity  on  the  sample,  thus  assuring  anneal¬ 
ing  uniformity  at  different  scan  angles.  A  set  of  anneal¬ 
ing  conditions  appropriate  for  use  with  a  79 -mm  lens 
has  beer,  determined  for  As -implanted  Si  and  will  be 
described.  The  apparatus  used  for  scanning  the  laser 
will  also  be  described  and  a  preliminary  comparison 
of  thermal  and  laser  annealing  will  be  given. 


The  scanning  mechanism  used  for  these  experiments 
employs  synchronous  deflection  of  the  laser  beam  by 
two  mirrors  driven  by  galvanometers.  A  focusing  lens 
positioned  in  front  of  the  first  mirror  is  used  to  control 
the  spot  size  on  the  sample.  It  is  essential  that  the 
sample  be  in  the  focal  plane  of  the  lens  to  minimize 
nonuniformity  problems  during  the  scan.  A  schematic 
description  of  the  optical  system  is  shown  in  Fig.  1. 
Since  the  optimal  conditions  for  the  anneal  were  not 
known  at  the  outset,  a  versatile  electronic  system  was 
built  to  drive  the  mirrors. 

The  block  diagram  of  the  driving  electronics  is  shown 
in  Fig.  2.  The  sensitivity  of  the  galvanometers  used  is 
10°/A  with  linearity  better  than  1 %.  The  x-scan  rate 
can  be  varied  from  0. 1  to  840  sec,  the  x  amplitude 
from  -10e  to  +10®,  the  y -step  size  from  3xicr2to 
0.9  deg,  and  they  limit  to  10;.  Control  of  the  spot  size 
can  be  achieved  by  selecting  the  proper  lens.  The  laser 
used  was  a  Spectra  Physics  argon  ion  model  171-08 
with  a  maximum  power  rating  of  15  W. 

To  determine  appropriate  annealing  conditions  for  a 
typical  implantation  case,  As*  was  implanted  into  Si  at 
100  keV  to  a  dose  of  5xiou  cm*2.  The  Si  sample  was 
-3  flcm  p  typ57*oriented  in  the  (100)  direction.  Using 
a  79 -mm  lens,  the  optimum  conditions  were  found  to  be 
(1)  total  laser  power  in  the  multiline  mode  of  7  W,  (2) 
x-scan  rate  of  2.76  cm/sec,  and  (3)  y  increment  at  the 
end  of  each  x  line  of  - 15  u  (estimated).  The  calculated 
spot  size  of  the  TEM0,  mode  was  38.5  unfin  diameter, 
which  corresponds  to  a  power  density  of  6xio5  W/cm2. 
The  width  of  an  annealed  line  was  22  pm,  and  the  ener¬ 
gy  density  needed  for  the  anneal  was  calculated  to  be  5.4 
W/cm2. 

A  critical  parameter  for  annealing  in  this  system  is 
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FIG.  1.  A  general  schematic  of  the  anneal¬ 
ing  apparatus.  Includes  Ar*  laser,  lens, 
perpendicular  .v  and  y  mirrors,  and  a 
vacuum  sample  holder. 
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FIG.  2.  Block  diagram  of  the  galvanome¬ 
ter  drivers  used  for  scanning  the  x-y 
mirrors  in  the  laser  annealing  apparatus. 
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FIG.  3.  Surface  spreading  resistance  measurements  done  of 
Implanted  silicon  samples  subjected  to  laser  and  thermal 
anneal. 
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the  power  density  in  the  scanning  beam.  In  particular, 
deviations  on  the  order  of  9%  in  power  density  were 
found  to  give  unsatisfactory  annealing,  i.e. ,  a  total 
power  of  6.5  W  failed  to  produce  annealing,  while  a 
total  power  of  7. 5  W  produced  discoloration  and  possibly 
thermal  etching  in  the  region  where  adjacent  scan  lines 
overlap. 

*  .  «  _  . 

To  compare  the  laser  anneal  with  a  conventional  ther¬ 
mal  anneal,  implanted  samples  identical  to  those  used 
for  the  laser  anneal  were  thermally  annealed  in  nitro¬ 
gen  at  1000  C  for  30  min.  Surface  spreading  resistance 
measurements  (two -point  probe)  were  performed  on 
both  types  of  annealed  samples.  The  probes  were 
stepped  in  the  .r  direction  on  the  samples  and  the  probe 
to  probe  resistance  was  recorded.  The  results  of  these 
measurements  are  given  in  Fig.  3.  In  the  comparison 
five  samples  were  themally  annealed,  of  which  two  are 


shown  in  Fig.  3.  The  resistance  values  for  all  thermally 
annealed  samples  were  157 ±3  fl.  For  illustration  pur¬ 
poses  sample  No.  S5-3  had  only  its  right -half  laser 
annealed  and  its  measurement  shows  a  decrease  of 
resistivity  from  3000  ft  in  the  unannealed  area  to  150  ft 
after  a  laser  scan.  A  total  of  five  samples  were  la«er 
annealed.  These  samples  were  found  to  have  resi.  ince 
values  of  160 1 10ft. 

Evidentally  the  electrical  activity  obtained  from  the 
laser  anneal  is  very  similar  to  that  obtained  jn  the 
thermally  annealed  samples,  which  implies  that  a  high 
degree  of  electrical  activation  was  produced  by  the 
laser  anneal.  Preliminary  SIMS  data.iadicate  that  the 
impurity  profile  after  laser  annealing  is  essentially 
identical  to  the  as-implanted  profile,  whereas  the 
thermally  annealed  profile  shows  significant  diffusive 
redistribution.1  A  more  thorough  comparison  of  laser- 
and  thermally  annealed  samples  including  SIMS,  back- 
scattering,  TEM,  and  electrical  analysis  of  the  an¬ 
nealed  layers  is  being  performed  and  will  be  submitted 
for  publication  shortly. 

The  authors  would  like  to  thank  Luke  Meisenbach  and 
Carrol  Frankfurt  for  the  construction  of  the  scanning 
apparatus  and  John  Goldsmith  for  assistance  in  the  use 
of  the  Ar*  laser  and  other  optical  equipment.  The  work 
was  supported  by  NSF  Grant  No.  DMR7618000. 
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Temperature  distributions  produced  In  semiconductors  by  a  scanning 
elliptical  or  circular  cw  laser  beam 

Y.  I.  Nissim,  A.  Lietoila,  R.  B.  Gold,  and  J.  F.  Gibbons 

Stanford  Electronics  Laboratories,  Stanford,  California  94305 

(Received  23  June  1979;  accepted  for  publication  6  August  1979) 

Temperature  profiles  induced  by  a  cw  laser  beam  in  a  semiconductor  are  calculated.  The 
calculation  is  done  for  an  elliptical  scanning  beam  and  covers  a  wide  range  of  experimental 
conditions.  (The  limiting  case  of  a  circular  beam  is  also  studied.)  This  calculation  is  developed  in  the 
particular  cases  of  silicon  and  gallium  arsenide,  where  the  temperature  dependence  of  the  thermal 
conductivity  has  been  taken  into  consideration.  Using  a  cylindrical  lens  to  produce  an  elliptical  beam 
with  an  aspect  ratio  of  20,  a  1 -mm- wide  area  of  an  ion-implanted  silicon  wafer  was  annealed  in  a 
single  scan.  The  experimental  data  are  consistent  with  the  extrapolation  of  solid-phase  epitaxial 
regrowth  rates  to  the  calculated  laser-induced  temperatures. 

PACS  numbers:  61.80.  —  x,  44.90.  +  c 


I.  INTRODUCTION 

Recently,  the  use  of  a  scanning  cw  laser  to  anneal  ion- 
implanted  semiconductors  has  been  reported  by  several  au¬ 
thors.1 2  It  has  been  shown  that,  in  silicon,  if  the  layer  is 
driven  amorphous  by  the  implantation,  the  annealing 
mechanism  is  a  solid-phase  epitaxial  regrowth  which  pro¬ 
ceeds  at  rates  comparable  to  those  obtained  for  conventional 
thermal  annealing.3  The  function  of  the  laser  (or  electron 
beam)  in  this  case  is  simply  to  heat  the  implantation-dam- 
aged  region  to  a  high  temperature  (~  1 100-1200  *C)  so  that 
complete  solid-phase  regrowth  of  the  entire  damaged  layer 
can  occur  during  the  dwell  time  of  the  laser  (typically  1 
msec).  Because  the  annealing  time  is  short  and  the  implanted 
material  is  never  melted  in  this  process,  diffusion  of  the  im¬ 
planted  impurity  is  negligible  during  the  annealing  cycle. 

To  calculate  recrystallization  rates  and  a  variety  of  oth¬ 
er  phenomena  related  to  cw-beam  annealing,  it  is  necessary 
to  know  accurately  the  temperature  distribution  produced 
by  the  beam  in  the  material  being  annealed.  A  formalism  for 
calculating  the  temperature  distribution  produced  by  an  ir¬ 
radiated  beam  has  already  been  developed  for  the  case  of  a 
stationary4  and  moving3  circular  beam,  and  calculations 
based  on  this  formalism  have  been  found  to  agree  well  with 
experimental  data.  However,  there  are  a  number  of  situa¬ 
tions  in  which  a  ribbon  beam  with  an  elliptical  rather  than  a 
circular  cross  section  would  be  desirable.  Such  a  beam  could 
be  modeled  as  having  an  elliptical  profile  which  is  narrow  in 
the  direction  of  the  scan  and  large  in  the  direction  perpen¬ 
dicular  to  the  scan.  Such  an  intensity  distribution  can  easily 
be  obtained  with  a  cylindrical  lens.  Moreover,  any  ratio  be¬ 
tween  large  and  small  axes  of  the  elliptical  beam  can  be 
achieved  by  using  the  correct  set  of  spherical  and  cylindrical 
lenses.  In  view  of  its  potential  importance,  we  have  calculat¬ 
ed  temperature  profiles  to  be  expected  for  beams  having  an 
elliptical  cross  section.  In  this  paper  we  present  these  results 
as  an  aid  to  those  who  wish  to  explore  the  use  of  elliptical 
laser  beams  for  heating  and  annealing  experiments. 

To  minimize  the  amount  of  data  to  be  presented,  and  to 
make  the  results  valid  for  any  kind  of  material,  we  present 
the  calculations  in  two  parts.  We  develop  first  an  expression 
for  the  linear  temperature  rise  induced  by  a  moving  elliptical 


beam  in  a  material  that  is  assumed  to  have  constant  thermal 
conductivity.  This  calculation  is  based  on  the  formalism  pro¬ 
posed  by  Cline  and  Anthony.  An  analytical  expression  is 
obtained  for  the  maximum  temperature  at  the  center  of  the 
moving  beam,  and  a  numerical  integration  is  carried  out  to 
obtain  all  the  relevant  parameter  dependences.  A  different 
approach,  using  the  formalism  developed  by  Lax,4  leads  to 
the  same  maximum  temperature  rise. 

We  next  present  a  more  refined  set  of  calculations  that 
take  into  account  the  temperature  dependence  of  the  ther¬ 
mal  conductivity.  A  Kirchoff  transform6  7  is  used  with  ex¬ 
perimental  data  on  the  thermal  conductivity  of  Si  8  and 
GaAs  9  to  obtain  the  “true”  temperature  profiles  for  these 
cases. 

Finally,  as  an  application  of  the  results,  we  compare  the 
theory  with  an  experiment  in  which  laser  conditions  were 
arranged  so  that  lines  of  various  widths  could  be  annealed  in 
a  single  pass  of  a  cw  Ar  laser  over  an  implantation-amor- 
phized  layer.  The  agreement  between  the  theoretical  predic¬ 
tions  and  the  experimental  data  is  found  to  be  excellent. 


II.  SOLUTION  TO  THE  HEAT  EQUATION 

We  assume  that  the  laser  beam  is  elliptical  in  an  (xy) 
plane  perpendicular  to  the  direction  of  laser  propagation  (z). 
The  ratio  between  the  large  axis  ( ry )  and  the  small  axis  (rx )  of 
the  ellipse  will  be  an  important  parameter  in  our  analysis, 
defined  as:  0  =  ry/rx .  We  assume  a  Gaussian  laser  intensity 
distribution  in  both  directions,  x  andy: 


/  =  /0  exp(  -  *2/2r£ )  exp(  —  y2 /2rJ).  (1) 

I0  can  be  determined  as  a  function  of  the  power  absorbed  by 
the  material  assuming  an  infinite  surface: 

I0  =  P(l  -  R  )/2irrxry,  (2) 


where  P  is  the  total  incident  power  and  R  is  the  coefficient  of 
reflection  of  the  irradiated  material.  Finally,  we  write  the 
energy  absorbed  in  the  solid  if  the  beam  is  moving  with  the 
velocity  v  in  the  x  direction: 


Q  = 


P(  l-*) 

2irrxry 


(x-vt)2 

2ri 


m. 


(3) 
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In  Eq.  (3)  /(z)  gives  the  z  dependence  of  the  total  absorbed 
energy. 

To  solve  the  beat  equation,  we  use  a  standard  Green’s 
function  analysis.  The  source  function  for  the  heat 
equation,10 

— -Z)VJ7'=-^-,  (4) 

dt  C, 

is 


V.  x jrj,t  / 

=  /  _  [(x-JCy-Kv-/)^(2-z<)2]\ 

*A  4 ) 

X[4vD(t-f)]'in.  (5) 

We  define  our  coordinate  axes  in  the  following  way: 
x  =  y  =  z  —  0  will  be  the  center  of  the  beam  at  the  surface  of 
the  material,  with  the*  andy  axes  lying  at  the  surface  of  the 
material,  pointing  along  the  small  and  large  axes,  respective¬ 
ly,  of  the  elliptical  beam.  The  z  axis  is  along  the  direction  of 
propagation  of  the  laser  beam  (i.e.,  perpendicular  to  the  sur¬ 
face  of  the  material). 


In  the  first  step,  we  are  going  to  consider  a  constant 
thermal  conductivity  with  respect  to  temperature  which  will 
lead  to  the  linear  temperature  rise. 

Making  our  observation  at  a  time  t  at  a  point  (xy^),  the 
linear  temperature  rise  is  as  follows: 

/.  /-«  r~  /•« 

—  ao  J  ~  eo  J  —  &  J  —  oo 

X  G  (x'yj,t  '/xyj.t )  dx'  dy'  dz'  dt '.  (6) 

The  integration  over  the  different  variables  can  be  done  sepa¬ 
rately.  The  integrals  over  x'  and  /  are  Gaussian  tabulated 
integrals. 

To  make  the  integration  over  z’,  we  need  to  define  the 
function /(z)  which  expresses  the  penetration  of  laser  energy 
into  the  material  with  respect  to  depth.  Since  in  most  cases  of 
interest  a  ~ 1  <r*  ,ry,  we  choose /(z)  to  be  a  8  function  at  the 
surface  of  the  material.  To  account  for  the  discontinuity  at 
z  =  0,  we  have  carried  out  the  integration  over  z'  from  —  oo 
to  -l-  oo ,  and  then  taken  twice  its  value  from  mirror  image 
considerations. 

After  carrying  out  the  integration  overx.y,  z,  the  linear 
temperature  is  the  following: 
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2i»(i  -  r  )  r 

cyn  J_ 


{4Z>(/  -  t')[4D(t -/’)  +  2r*][4D(t  -f)  +  2^]>* 


„  (  (x  -  vt  y 

Xexp  — ( - - - - — -  + 

\4D  (/  —  /')  +  2r>. 


4D(t-r)  +  2r?  4 D(t 


*— )dt , 
t-t’)) 


(7) 


In  order  to  simplify  the  writing  of  this  expression,  we  intro¬ 
duce  tl  "  following  dimensionless  parameters: 

X  =  x/r,;  Y~y/rx ;  Z  =  z/rx ;  0  =  ry/rx; 

and  we  define 

p=[P(\-R))/rx,  V—  vrx/2D. 

After  the  two  successive  changes  of  variables,  t "  =  —  t '  and 
«  =  (2 Dt  '/rxx)in,  the  linear  temperature  at  t  =  0  can  be 
written: 


- 

intensity  distribution  gives  the  correct  elliptical  intensity 
written  earlier.  An  identification  leads  to: 

sw-(i (,,) 

Using  now  the  expression  for  the  linear  temperature  for  a 
circular  beam  presented  by  Lax,4  and  realizing  that  the  same 
weighting  function  will  distribute  the  linear  temperature,  we 
have 
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We  can  now  determine,  analytically,  the  maximum  lin¬ 
ear  temperature,  obtained  at  the  center  of  the  ellipse 
(T  ~  T = Z  =  0)  for  a stationary  beam  (K  =  0).  The  inte¬ 
gration  leads  to  the  following  result: 


=  _ L_ 

p  cpd  \Ti^n 


K 


(9) 


where  K  is  the  complete  elliptical  integral  of  the  first  kind. 

A  similar  result  can  be  found  by  considering  the  ellipti¬ 
cal  beam  as  a  superposition  of  circular  beams.  We  can  then 
write  the  intensity  of  an  elliptical  spot  in  the  following  way: 

J  /circular  {xy-y')S{y')dy\  (10) 

We  have  to  find  the  weighting  function  S  (y)  so  that  the  above 


0™=["  (12) 

J  —  <30 

which  leads  to 


=• 


P(l-R) 


C'DrjVlv*'1 

or  with  our  p  notation: 


_  £ _ } _ 1  K(SLzl\n 

PC'Dy/l^,!  \  /?2  )  ’ 


(13) 


(14) 


which  is  identical  to  the  result  of  Eq.  (9). 

This  above  result  can  be  used  to  find  the  maximum  tem¬ 
perature  for  a  circular  beam  by  setting/?  =  rx/ry  =  1,  then 

0t^=p/CpDlV^r.  (15) 

The  analytical  integration  has  now  been  carried  as  far  as 
possible.  To  analyze  the  dependence  of  the  actual  tempera¬ 
ture  on  beam  and  substrate  parameters,  a  numerical  integra¬ 
tion  must  be  performed.  To  make  the  results  valid  for  any 
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FIG.  I.  Linear  normalized  temperature  rise  7  at  X  -  Z  =  V  =  0  as  a  func¬ 
tion  of  the  ¥  position  (  Y  =  y/r, )  for  different  values  of/?  Of?  =  r./r, )  rang¬ 
ing  from  I  to  40. 


FIG.  3.  Linear  normalized  temperature  rise  qat  X  =  Y  =  V  =  0  as  a  func¬ 
tion  of  depth  Z(Z  =  z/r, )  for  different  values  of/?(/?  =  r, /r, )  ranging  from 
I  to  40. 


kind  of  material,  we  define  the  following  quantity: 

du 


e  _  2  r 
v  i) 

l-li-u 


1/2 


Xexp 


(X  +  Vu2) 


(16) 


III.  CALCULATED  NORMALIZED  UNEAR 
TEMPERATURE  CURVES 

The  numerical  integration  of  Eq.  (16)  leads  to  a  set  of 
curves  4hat  can  be  chosen  to  cover  a  wide  range  of  experi¬ 
mental  conditions.  A  representative  set  of  such  curves  is  pre¬ 
sented  here.  Figure  1  shows  the  linearized  normal  tempera¬ 
ture  n  as  a  function  of  the  Y(Y = y/rx  )  position  for  different 
values  of  the  ratio ranging  from  1  to  40.  We  see  that  large 
values  of 0  give  a  more  uniform  temperature  distribution. 
Under  most  experimental  corditions,  we  cannot  readily  de¬ 
crease  rM,  so  the  only  way  to  obtain  high  values  of  0  is  to 
increase  ry.  A  substitution  of  numbers  shows  that  the  power 
needed  to  reach  an  annealing  temperature  at  high  values  of  0 


is  very  high,  in  fact,  above  the  limit  of  currently  practical  cw 
Ar  or  Kr  lasers,  but  certainly  within  the  limits  of  an  electron 
beam. 

Similarly,  in  Figs.  2  and  3,  the  variations  of  r\  in  the  X 
(X  =  x/rx)  and  Z(Z  —  z/rx)  directions  are  presented. 

An  extended  scale  in  the  Z  direction  has  been  taken  in 
Fig.  4  (for  rx  —  20  jim,  the  full  scale  represents  1  fi m).  This 
curve  shows  clearly  that  the  variations  near  the  surface  are 
insignificant  and  that,  for  instance,  the  temperature  at  the 
interface  of  an  implanted  layer  in  a  semiconductor  and  un¬ 
derlying  substrate  is  essentially  the  same  as  at  the  surface. 

A  similar  study  has  been  done  using  beam  scanning 
speed  as  the  parameter  for  two  fixed  values  of  0:0—  1  and 
0  =  20.  Figures  5  and  6  represent  the  variation  77  in  the  Y 
direction.  Again,  in  Fig.  6,  we  can  see  that  if  we  have  enough 
power  for  annealing,  high  speed  at  0  =  20  gives  a  uniform 
temperature  distribution  along  the  Y  axis.  Similarly,  Figs.  7 
and  8  represent  the  variations  of  17  in  the  X  direction.  Since 
the  beam  is  moving  in  this  direction  the  nonsymmetrical 
behavior  with  respect  to  the  point  X  =  0  appears  clearly  in 


FIG.  2.  Linear  normalized  temperature  rise  17  at  Y=Z  =  F  =  0  as  a  func¬ 
tion  of  the  T  position  ( X  =  Jt/r, )  for  different  values  of  P(0=rjrj  rang¬ 
ing  from  I  to  40. 
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FIG.  4.  Linear  normalized  temperature  rise  7  at  .f  =  F  =  F  =  0  as  a  func¬ 
tion  of  depth  dose  to  the  surface  Z  (Z  =  z/r, )  for  different  values  of  /? 

{fi  =  r,  /r, )  ranging  from  I  to  40. 
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FIG.  5.  Linear  normalized  temperature  rise  17  at  X  =  Z  —  0  as  a  function  of 
the  Y  position  ( Y  =  y/r, )  for  different  values  of  the  normalized  scan  speed 
V(V  =  ur,/2D)  ranging  from  0  to  10  and  for/S  =  1  (0  =  r,/r, ). 


FIG.  7.  Linear  normalized  temperature  rise  t;  at  F  =  Z  =  0  as  a  function  of 
the  X  position  (X  =  x/r, )  for  different  values  of  the  normalized  scan  speed 
V(V=  ur,  /2D)  ranging  from  0  to  10  and  for/?  =  !(/?  =  r,  /r, ). 


these  curves.  Finally,  the  variation  along  Z  in  Fig.  9  shows 
again  the  weak  changes  of  temperature  as  a  function  of  depth 
into  the  material. 

In  order  to  allow  the  reader  to  use  the  curves  for  any 
combination  of  speed  and  ratio  /?,  we  have  plotted  the  vari¬ 
ation  of  17  as  a  function  of  speed  with/? as  a  parameter  in  Figs. 
10  and  1 1.  Figure  1 1  emphasizes  the  fact  that  for  the  typical 
values  of  the  speed  used  in  a  cw  laser  system,  the  solid  easily 
reaches  thermal  equilibrium. 

IV.  THE  TRUE  TEMPERATURE  RISE  IN  SILICON  ANO 
GALLIUM  ARSENIDE 

We  are  now  ready  to  use  the  Kirchoif  transformation6-7 
which  leads  to  the  true  temperature  rise  induced  by  the  laser 
beam.  We  have  chosen  to  develop  these  calculations  for  sili¬ 
con  and  gallium  arsenide.  The  temperature-dependent  ther¬ 
mal  conductivity  K  (T)  has  been  taken  from  the  literature. 


We  have  been  able  to  fit  a  rational  function  to  the  ex¬ 
perimental  data  by  using  the  form: 

K(T)  =  CpD(T)  =  A/(T-B).  (17) 

Using  this  form  the  relation  between  the  true  and  linear  tem¬ 
peratures  is  then 

T=B  +  (TbMCk  -B)  )  O  ).  (18) 

where  is  the  temperature  of  the  backsurface  of  the 
semiconductor. 

For  silicon  we  have  averaged  the  experimental  data  in 
Ref.  8  to  obtain  values  of:  A  —  299  W/cm  and  B  =  99  K.  We 
have  verified  that  a  step-by-step  numerical  integration  using 
published  data  for  Z>  (7")  gives  a  temperature  profile  which  is 
essentially  identical  to  that  obtained  using  Eq.  (17). 

For  gallium  arsenide,  we  have  used  experimental  data 


FIG.  6.  Linear  normalized  temperature  rise??  at  .f  =  Z  -  Oasa  function  of 
the  Y  position  (F«  y/r, )  for  different  values  of  the  normalized  scan  speed 
V(V  =  vr,  /ID )  ranging  from  0  to  10  and  for  0=  20(0**  rt/r,). 


a 


FIG.  8.  Linear  normalized  temperature  rise  tj  at  Y  =  Z  =  0  as  a  function  of 
the  X  position  (X  =  x/r, )  for  different  values  of  the  normalized  scan  speed 
V  ( V  =  vr,  /ID )  ranging  from  0  to  I  and  for  0  =  20  (0  =  r,  / r , ). 
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FIG.  9.  Linear  normalized  temperature  rise  rjttX  =  Y  =  0  as  a  function  of 
depth  near  the  surface  Z(Z  =  z/r ; )  for  different  values  of  the  normalized 
scan  speed  V(  V  =  i»r,  /20)  ranging  from  0  to  10  and  for  0=  1  ifi  =  ry/r,). 


FIG.  II.  Extended  scale  for  the  linear  normalized  temperature  rise  7  at 
X  =  Y  =  Z  -  0  as  a  function  of  the  normalized  scan  speed  F(  V  =  ur,  /ID ) 
for  different  values  of  0  (0  =  r,./r, )  ranging  from  I  to  40. 


given  by  Maycock,’  which  resulted  in  the  following  num¬ 
bers:  A  =  91  W/cm  and  B  =  91  K.  Since  no  data  are  avail¬ 
able  above  T  =  900  K,  we  have  extrapolated  the  behavior  of 
D(T)  using  the  same  function  for  higher  temperature. 

We  are  now  able  to  obtain  the  real  temperature  as  a 
function  ofp  \p  =  (1  —  R  )P/rx]  for  both  silicon  and  gallium 
arsenide.  Figures  12  and  13  present  these  variations  (for 
P  =  1)  for  silicon  and  gallium  arsenide,  respectively. 

V.  AN  EXPERIMENTAL  APPLICATION 

The  use  of  an  elliptical  laser  beam  to  anneal  gallium 
arsenide  has  already  been  reported."  Such  a  technique  also 
offers  the  potential  for  annealing  large  areas  of  ion-implant¬ 
ed  silicon  in  a  single  scan.  Here  we  have  used  a  150-mm 
cylindrical  lens  to  anneal  (100)  silicon  which  was  arsenic 
implanted  at  100  keV  to  dose  of  6x  10 14  cm  ~ 2.  The  lens 
employed  produces  a  beam  with  r„  =  18  pm  and  P  =  20. 
The  annealing  parameters  were  as  follows:  beam  power  from 
14  to  21  W,  back-surface  temperature  of  550  *C,  and  scan 
rate  of  1  cm/sec.  The  reflectivity  of  the  material  was  mea¬ 


v 

FIG.  10.  Linear  normalized  temperature  rise  7  at  .T  »  F  -  Z  -  0  as  a  func¬ 
tion  of  the  normalized  tcantpeed  F(F»  vrM  /ID )  for  different  value!  of 
(fim  rt/r,)  ranging  Area  I  to  40. 
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sured  at  room  temperature  to  be  R  =  0.38.  Since  no  melting 
occurs  we  will  assume  R  to  be  constant. 

The  first  annealed  area  appears  at  P  =  14.5  W,  which 
corresponds  to  a  calculated  temperature  of  967  *C.  At 
P  =  1 7  W  we  can  see  a  line  of  width  d  —  0.4  mm,  as  shown  in 
Fig.  14(a).  At  21  W  of  incident  power  using  the  same  scan¬ 
ning  and  back-surface  temperature  setting,  we  have  been 
able  to  anneal  a  1  -mm- wide  area,  as  shown  in  Fig.  14(b).  We 
can  compare  these  results  with  those  to  be  expected  from  the 
temperature  calculations  just  presented  in  the  following 
way.  First,  we  assume  that  the  regrowth  rate  is  described  by 
the  equation: 

U=  U0  exp(  —  Ea/kT),  (19) 

in  which  U0  =  1.79X  10 15  A/sec  and  Ea  =  2.35  eV,  as  de¬ 
termined  by  Csepregi  and  Kennedy." 

We  have  regrown  a  1000-A-thick  amorphous  layer. 
The  dwell  time  is  approximately  t  =  1.7  msec.  The  required 
regrowth  temperature  is  then  T  =  977  °C.  Figure  15  shows 
the  temperature  profile  at  the  center  of  the  beam  (T=  Tmtx ) 
and  at  the  edge  of  the  beam  (Y  =  20)  for  our  experimental 
conditions.  Knowing  that  the  beam  is  1  mm  wide  we  can 
estimate  from  this  curve  the  regrown  width  for  temperatures 


FIG.  12.  The  true  maximum  temperature  (X  =  Y  =  Z  =  V  =  0)  in  Si  is 
plotted  versus  the  normalized  power  p\p  =  [P(l  -  R  )]/>,  j  for  different 
substrate  back-surface  temperatures. 
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FIG.  1 3.  The  true  maximum  temperature  (X  =  Y  —Z  —  V  —  0)  in  GaAs  is 
plotted  versus  the  normalized  power  p  \p  =  [F(l  —  R  )]/rM  J  for  different 
back-surface  temperatures. 


FIG.  1 5.  The  true  temperature  in  silicon  is  plotted  at  the  center  of  the  beam. 
Y  =  0.  and  at  the  Y  edge  of  the  beam,  Y  =  20,  for/?  =  20  (/?  =  rjr , ).  With 
our  experimental  conditions,  the  temperature  required  for  solid-phase  epi¬ 
taxial  regrowth  is  indicated  so  that  the  expected  width  of  an  annealed  line 
can  be  determined  as  a  function  of  laser  power  The  17- and  21-W  points  are 
shown. 


larger  than  the  calculated  one.  We  can  then  evaluate  that 
40%  of  the  beam  width  has  been  regrown  at  17  W  and  100% 
of  the  beam  width  at  21  W.  This  shows  an  excellent  agree¬ 
ment  with  our  experimental  data. 


as  an  electron  beam.  The  calculated  linear  temperature  is 
valid  for  any  material.  With  knowledge  of  the  temperature- 
dependent  thermal  conductivity,  a  simple  transformation 
leads  to  the  true  temperature.  The  use  of  elliptical  beam  per¬ 
mits  large  areas  to  be  laser  annealed  in  a  single  scan.  Further¬ 
more,  it  has  the  advantage  of  producing  the  same  anneal. ng 
as  a  large  radius  circular  spot  will  produce  but  with  substan¬ 
tially  less  laser  power. 


CONCLUSIONS 

These  calculated  results  cover  a  wide  range  of  experi¬ 
mental  conditions  and  can  be  applied  for  a  laser  beam  as  well 
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FIG.  14.  Photomicrographs  (55  X )  of  laser-annealed  line  in  silicon  using  a 
150-mm  focal  length  cylindrical  lens  at  (a)  P  =  17  W  and  (b)  P=  21  W, 
7^,1  =  550  ‘C,  and  V  =  1  cm/sec.  The  waviness  at  the  edge  of  the  lines  is 
due  to  the  feedback  of  the  laser  working  in  a  light  controlled  mode 
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Calculation  of  solid-phase  reaction  rates  induced  by  a  scanning  cw  laser 
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An  analytical  model  is  presented  for  solid-phase  reactions  induced  by  a  scanning  cw  laser.  The 
results  are  applicable  for  both  rate-limited  reactions,  such  as  the  regrowth  of  implanted 
amorphous  Si,  and  diffusion-limited  reactions,  such  as  the  formation  of  metal  silicides.  The  effect 
of  the  laser  is  interpreted  in  terms  of  a  furnace  anneal  at  an  “effective  temperature,”  Tc„,  for  an 
“effective  time,”  tcK .  Ttn  is  shown  to  be  equal  to  the  maximum  laser-induced  surface  temperature, 
while  t^f  equals  the  laser  dwell  time  multiplied  by  a  “dwell-time  reduction  factor"  which  is  a 
rational  function  of  several  material  and  annealing  parameters  and  is  typically  on  the  order  of  (.  A 
comparison  of  theory  and  experiment  is  made  for  the  specific  case  of  the  formation  of  Pd2Si. 

PACS  numbers:  82.40  —  g,  61.80  —  x, 


Irradiation  with  a  scanned  cw  laser  has  been  shown  to 
be  an  attractive  alternative  to  conventional  thermal  process¬ 
ing  for  the  annealing  of  the  damage  induced  by  ion  implanta¬ 
tion  in  semiconductors1'’  and  for  the  formation  of  metal  sili¬ 
cides/  In  the  first  case,  a  model  based  on  solid-phase 
epitaxial  regrowth  of  the  amorphous  implanted  layer  has 
been  proposed  to  account  for  the  observed  behavior.5'*  This 
model  is  supported  by  data  obtained  using  in  situ  reflectivity5 
and  glancing-angle  Rutherford  backscattering,4  which 
show,  respectively,  the  absence  of  the  liquid  phase  and  the 
presence  of  an  intermediate  partial  regrowth  stage.  In  addi¬ 
tion,  it  has  been  shown  that  complete  regrowth  during  the 
dwell  time  of  a  scanning  laser  beam5  *  as  well  as  the  diameter 
of  the  annealed  region  in  a  stagnant  beam  experiment’  are 
consistent  with  the  extrapolation  of  epitaxial  growth  rates 
obtained  from  furnace-annealing  experiments  to  the  calcu¬ 
lated  laser-induced  surface  temperatures.  A  solid-phase  re¬ 
action  mechanism  has  also  been  proposed  to  explain  the  for¬ 
mation  of  PdjSi  by  a  scanning  cw  laser/ 

Although  the  solid-phase  nature  of  these  processes 
seems  well  established,  an  accurate  analysis  of  reaction  rate 
in  the  scanning-beam  case  has  not  yet  been  carried  out.  In  a 
typical  furnace  anneal,  the  growth  interface  can  be  consid¬ 
ered  to  be  at  a  constant  temperature  throughout  the  duration 
of  the  anneal.  This  is  not  true  for  anneals  by  a  scanning  cw 
laser,  however,  since  the  temperature  in  this  case  is  a  rapidly 
changing  function  of  time.  We  calculate  here  the  expected 
laser-anneal  regrown-layer  thickness,  including  the  depen¬ 
dence  of  temperature  on  time  and  assuming  that  the  growth 
process  can  be  described  by  a  simple  activation  energy.  The 
results  of  these  calculations  then  permit  a  comparison  of 
observed  laser-anneal  growth  rates  with  extrapolated  fur¬ 
nace-anneal  data. 

For  a  constant-temperature  furnace  anneal  of  amor¬ 
phous  implanted  Si,  the  regrown-layer  thickness  can  be  ex¬ 
pressed  as 

z  =  /f0texp{-  E„/kT),  (l) 

where  t  and  T  are  the  anneal  time  and  temperature,  respec¬ 
tively,  and  Ed  is  the  activation  energy.  Pure  <  100)  Si  has 
been  shown  to  have  an  activation  energy  of  2.35  eV  and  a 
value  for  the  preexponential  constant,  R„ ,  of  3.2  X  10'4 
A/sec.’  For  diffusion-controlled  reactions,  such  as  the  for¬ 


mation  of  metal  silicides,  the  z  in  Eq.  ( 1 )  is  replaced  by  z\  but 
all  other  features  of  the  following  discussion  are  still 
applicable. 

The  strong  dependence  of  temperature  on  time  in  the 
case  of  laser  annealing  means  that  we  must  replace  Eq.  ( 1 )  by 

u> 

Liau  et  a//  have  shown  that,  for  the  case  of  irradiation 
by  a  laser  pulse,  Eq.  (2)  can  be  reduced  to  Eq.  (1)  by  the 
determination  of  an  “effective  annealing  temperature,”  7"c„ , 
and  an  “effective  annealing  time,”  tc„.  While  the  technique 
of  the  present  calculation  is  quite  similar  to  that  of  Liau  et 
al.,  there  are  three  major  differences  due  to  the  nature  of  the 
temperature  rise  due  to  scanned  cw  laser  irradiation: 

(a)  The  maximum  surface  temperature,  T„mx ,  is  a  func¬ 
tion  of  the  ratio  of  absorbed  power  to  spot  radius,  rather  than 
the  ratio  of  absorbed  power  to  spot  area.’  This  is  a  conse¬ 
quence  of  the  three-dimensional  spreading  of  heat  in  the 
scanned  case  as  opposed  to  the  one-dimensional  flow  as¬ 
sumed  in  the  pulse  case. 

(b)  The  temperature  rise  induced  by  a  scanning  cw  laser 
reaches  a  constant  value  in  times  shorter  than  typical  laser 
dwell  times.  The  problem  can  thus  be  treated  analytically  as 
a  steady-state  temperature  distribution  in  a  moving  frame  of 
reference.  The  time  dependence  of  the  temperature  at  any 
given  point  is  determined  indirectly  by  T (x)  and  x(t ),  where 
x  represents  the  distance  from  the  beam  center  to  the  point  of 
interest,  rather  than  by  an  explicit  T ( t ). 

(c)  The  thermal  conductivity  of  Si  exhibits  a  very  strong 
temperature  dependence.10  It  is  impossible  to  incorporate 
this  effect  into  an  analytical  solution  for  the  one-dimensional 
time-detendent  case.  It  has  been  shown,  however,  that  in  the 
time-independent  case,  the  true  nonlinear  temperature  can 
be  analytically  related  to  the  linear  temperature  rise,  calcu¬ 
lated  assuming  constant  thermal  conductivity,  by  means  of 
the  Kirchhoff  transformation."  13 

We  assume  that  the  spatial  intensity  distribution  of  the 
laser  can  be  represented  as  /  =  ( P/irw‘ )  exp(  -  r*/w!), 
where  r  is  the  distance  from  the  center  of  the  beam  and  P  is 
the  total  absorbed  power.  For  typical  experimental  condi¬ 
tions,  both  the  laser  beam  penetration  depth,  1/a,  and  the 
amorphous-layer  thickness,  z„,  are  much  less  than  the  Gaus- 
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2.35  eV 


Tm»«  =  800  °C 
Tm„  =  1000  °C 
■Tm„  =  1200°C 


0  tOO  200  300  400 

SUBSTRATE  TEMPERATURE,  T0  (°C) 

FIG.  1.  Calculated  dependence  on  T„  and  7'ill.„  of  the  dwell-time  reduction 
factor  of  Eq.  (lie).  The  activation  energies  of  1.5  and  2.35  eV  correspond, 
respectively,  to  the  formation  of  Pd,Si  and  the  regrowth  of  implanted  amor¬ 
phous  Si. 

sian  beam  radius,  w.  The  temperature  at  the  regrowing-layer 
interface  is  thus  essentially  equal  to  the  surface  temperautre 
calculated  assuming  a  penetration  depth  of  zero. 

We  stipulate  furthermore  that  the  beam  is  moving  with 
a  velocity  v  in  the  x  direction,  and  that  it  is  centered  on  the 
point  of  interest,  (x,y)  (0.0),  at  time  t  =  0.  Using  the  results  of 
Lax/  the  linear  temperature  rise  0  (/ )  at  this  point  can  be 
shown  to  be 

e  (/)  =  0m„  exp(  -  v2t  2/lw2)I0(v2t  72 w2),  (3) 


where  /0(x)  is  the  modified  Bessel  function  of  order  zero.  The 
maximum  linear  temperature  rise  at  t  =  0  is  given  by 
0ma,  =  (P /2irw2wK0),  where  Ka  is  the  thermal  conductivity 
at  the  wafer  back-surface  temperature,  T„.  This  linear  tem¬ 
perature  rise,  0  ( t ),  is  then  related  to  the  true  temperature, 
T ( t ),  by  the  relation 


°"= i:\T-y 


This  expression  can  be  numerically  integrated  using  pub¬ 
lished  thermal  conductivity  data  for  Si.10  However,  we  have 
found  that  an  excellent  fit  to  this  data  is  obtained  by  the 
approximation 

K(T)=A/(T-Tk)  (5) 

with  the  constants  ,4  and  Tk  equal  to  299  Wr/cm  and  99  K, 
respectively,  for  Si.  Equation  (4)  thus  yields  the  following 
closed-form  expression  for  T  (t ): 

T(t)=Tk  -KTo-  7\)exp[0(O/(7'o-  7\)].  (6) 

The  results  of  Eqs.  (3)  and  (6)  can  now  be  inserted  into 
Eq.  (2)  and  integrated  to  calculate  the  regrown-layer  thick¬ 
ness.  Since  the  growth  rate  is  an  extremely  strong  function  of 
temperature,  very  little  loss  of  accuracy  is  introduced13  by  a 
first-order  expansion  of  0  (/ )  near  0max , 


0(Os*0max  ^max  (  2w2  ) 


The  true  temperature  T(t )  is  then  approximately 

(.  v2t2  e„w  dT  I  \ 


-«-(£)■ 

(\  _  e”' 
\  2w2  Tm 


Equation  (6)  can  be  used  to  eliminate  0,  with  the  result 

t*  (t  v2t2  {T0-Tk)\n[(Tmx  -  Tk)/{T0  -  Tk)]  {Tmt%  -  Tk)' 


T(t)stTm 


(l  -  — 

V  2  w2 


..  -r,)\ 

~Tk)  ) 


t...  -  r,  +  <r.  -  r, )  exp 


The  expression  for  T(t )  can  now  be  inserted  into  Eq.  (2)  to  calculate  the  total  regrown-layer  thickness  produced  by  a 
single  scan  through  the  point  of  interest.  A  final  approximation,  rm„(l  -  a)  a  rm„/(  1  +  a),  justified  as  above,  permits  the 
integral  to  be  solved  analytically,  yielding 

,  *  2w( _ ^T2mmt _ Y2  (  E*  \  ,im 

“  °  v  \2£a(7'm„  -  Tk)  ln[(Fm„  -  Tk)/(T0  -  T*)]  /  MPV  kTmmJ '  ( 

In  a  manner  similar  to  that  proposed  by  Liau  et  al .*  for  the  one  dimensional  long-pulse  case,  we  interpret  the  growth 
predicted  by  Eq  (10)  as  equivalent  to  a  furnace  annealing  at  an  "effective  temperature,”  rma> ,  for  an  “effective  time,”  fc(r ,  i.e., 


zatRot"  exp 


(-£)• 


where 


7^  = 


-?( 


2Ea{Tm.,-Tk)\n[(Tm„  -Tk)/(T< 


— tt),/2=  ~  f 
-Tk)]J  t> 
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SUBSTRATE  TEMPERATURE ,T0(°C) 


FIG.  2.  Calculated  combinations  of  absorbed  laser  power 
(/V  =  Pm  (1  —  R  )  ]  and  substrate  temperature  required  to  induce  the  for¬ 
mation  of  100  A  and  1000  A  of  Pd.Si  in  a  single  scan.  The  effect  of  the  dwell- 
time  reduction  factor  is  taken  into  account.  Shown  for  comparison  is  the 
experimental  data  point  of  Ref.  6. 

The  effective  time,  lefr,  is  equal  to  the  laser-beam  dwell 
time,  2 w/v,  multiplied  by  a  “dwell-time  reduction  factor,”/ 
The  calculated  dependence  of /on  T0  and  rmas  is  shown  in 
Fig.  1.  It  can  be  seen  that  the  effective  dwell  time  for  an 
activation  energy  process  is  on  the  order  of  one-third  the 
actual  beam  dwell  time.  The  effect  on/of  laser  power,  and 
thus  ,  is  minor;  their  effect  on  the  total  growth  thickness 
is  quite  significant,  however,  due  to  the  exponential  term  in 
the  growth  equation  (11a). 

As  an  example  of  the  application  of  these  reults,  we 
have  calculated  [using  Eqs.  (9b)  and  (11)]  the  combinations 


of  absorbed  laser  power  and  substrate  temperature  which 
should  induce  the  growth  of  Pd2Si  layers  with  thicknesses  of 
100  and  1000  A.  These  results  are  shown  in  Fig.  2;  a  laser- 
beam  dwell  time  of  4  X  10'*  sec  was  assumed,  corresponding, 
for  instance,  to  a  beam  radius  of  20/rm  and  scan  speed  of  10 
cm/sec.  The  extremely  strong  dependence  of  thickness  on 
laser  power  is  evident.  Also  shown  is  the  experimental  data 
point  of  Ref.  6;  it  can  be  seen  that  good  agreement  between 
theoretical  ( 1 500  A)  and  experimental  ( 1 270  A)  thicknesses 
is  obtained. 

The  authors  are  grateful  to  ARPA  (Contract 
MDA903-78-C-0128)  for  supporting  this  work,  and  to  Dr. 
R.  Reynolds  for  his  personal  interest. 
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A  study  of  the  mechanism  of  cw  laser  annealing  of  arsenic 
implanted  silicon 

A.  Gat,  A.  Lietoiia,  and  J.  F.  Gibbons 

Stanford  Electronics  Laboratories,  Stanford,  California  94305 
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In  this  paper  we  report  on  experiments  designed  to  study  the  mechanism  by  which  a 
continuous  scanning  laser  anneals  implantation-amorphized  silicon.  A  stationary  Ar  laser 
beam  was  used  to  irradiate  an  As-implanted  Si  sample  at  constant  power  for  different 
anneal  times.  The  size  of  the  annealed  spot  was  found  to  increase  with  exposure  time. 

The  annealing  spot  size  was  also  calculated  for  each  exposure  time  by  assuming  the 
laser  annealing  mechanism  to  be  a  simple  solid-phase  epitaxial  regrowth.  Comparison  of 
experiment  and  theory  suggests  that,  at  least  for  amorphous  layers,  the  cw  laser  simply 
heats  the  substrate  to  a  temperature  where  solid-phase  epitaxial  regrowth  can  occur 


quickly. 

PACS  numbers:  79.20.Ds,  61.80.Jh,  81.40.Ef,  68. 

I.  INTRODUCTION 

Recently  a  number  of  authors1'*  have  reported  on  the 
use  of  laser  irradiation  for  annealing  ion-implanted  silicon. 
The  laser  systems  used  for  this  work  can  be  broadly  divided 
into  two  classes:  those  utilizing  a  pulsed  laser  output  and 
those  using  a  scanned  cw  laser  output. 

The  pulsed  system1"4  utilizes  a  high-power  ^-switched 
laser  (either  ruby  or  Nd  :  YAG)  operated  at  energy  levels  on 
the  order  of  1-2  J/cm2  per  pulse  in  the  case  of  ruby  and  5-10 
J/cm2  per  pulse  when  Nd  :  YAG  is  used.  This  energy  is  sup¬ 
plied  in  a  50-MW/cm2  20-ns  pulse  and  succeeds  in  melting 
the  silicon  to  a  depth  of  —0.5-1. 0  pm. 

The  molten  layer  then  freezes  epitaxially  on  the  under¬ 
lying  substrate.  The  implanted  impurities  diffuse  rapidly 
through  this  molten  layer  with  the  result  that  they  are  dis¬ 
tributed  essentially  uniformly  over  the  recrystallized  region. 

In  contrast  to  this  behavior,  the  scanning  cw  laser  sys¬ 
tem  has  been  shown  to  anneal  the  implanted  impurities  di¬ 
rectly  into  their  As-implanted  sites;  i.e.,  there  is  essentially 
no  diffusive  redistribution,  no  evidence  of  melting  and  at  the 
same  time  essentially  perfect  recrystallization.' 

These  results  suggest  that  the  mechanism  of  annealing 
for  the  scanning  cw  laser  may  be  closely  akin  to  a  solid-phase 
epitaxial  regrowth  such  as  that  described  by  Csepregi  et  al.'° 
In  this  paper  we  report  on  indirect  measurements  of  the  re¬ 
growth  rate  of  amorphous  layers  obtained  under  conditions 
similar  to  those  we  have  used  in  previously  reported  anneal¬ 
ing  experiments.7-'  Theoretical  analysis  shows  that  the  data 
are  consistent  with  the  hypothesis  that  the  annealing  mecha¬ 
nism  for  our  experimental  conditions  is  a  solid-phase  exitax- 
ial  regrowth  process. 

II.  EXPERIMENTAL 

A  test  of  the  solid-phase  epitaxy  hypothesis  requires 
calculating  the  temperature  distribution  in  the  implanted  la¬ 
ser-irradiated  sample.  Cline  et  at."  show  that,  for  a  slowly- 
moving  beam,  the  instantaneous  temperature  distribution  is 


equivalent  to  the  temperature  distribution  for  a  stationary 
beam.  Since  the  scanning  rates  we  employ  are  very  com¬ 
pared  to  the  velocity  of  propagation  of  heat  in  silicon,  we 
conclude  that  the  annealing  mechanism  will  be  the  same  for 
a  scanning  beam  as  for  a  stationary  beam.  We  have  therefore 
chosen  to  study  the  annealing  mechanism  by  irradiating  the 
implanted  silicon  with  a  stationary  beam  and  measuring  the 
size  of  the  annealed  spot  as  a  function  of  the  exposure  time. 

We  have  used  a  cw  argon  laser  (Spectra  Physics  Model 
171-09)  with  a  flat  total  reflector  and  a  6-m  front  output 
coupler.  The  output  beam  is  focused  by  a  267-mm  lens  onto  a 
sample  holder  positioned  in  the  focal  plane  of  this  lens.  The 
samples  used  were  10-20-/2  cm<100>  p-type  silicon  wafers 
that  were  implanted  with  3  X  10"  arsenic Vcm2  at  100  keV  at 
room  temperature.  This  dose  and  energy  amorphize  the  first 
800  A  of  the  silicon.  The  implanted  sample  was  placed  on  the 
sample  holder  referred  to  above  and  heated  to  a  temperature 
of  1 50  +  -  °C  prior  and  during  laser  irradiation. 

The  experiment  was  divided  into  two  parts.  First,  the 
laser  was  used  in  the  multiline  mode.  The  sample  was  ex- 
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FIG  I  Laser-annealed  spots  for  constant  exposure  time  and  different  pow- 
es  tevei. 
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FIG  2  Laser-annealed  spots  for  constant  power  level  of  7  W  and  different 
exposure  time 


posed  for  a  constant  time  of  8  s  in  each  exposure,  with  the 
laser  power  being  varied  from  7  to  12  W  in  steps  of  1  W. 
After  each  exposure  the  sample  was  moved  upwards  by  200 
f i  to  avoid  the  overlap  of  spots  annealed  at  different  laser 
power  levels. 

Since  the  reflection  coefficient  of  single-crystal  silicon  is 
lower  than  that  of  implantation  amorphized  layers,  the  an¬ 
nealed  single-crystal  spots  appear  dark  on  a  lighter  back¬ 
ground.  The  results  of  this  experiment  are  given  in  Fig.  1 .  We 
have  used  this  part  of  the  experiment  to  calibrate  the  maxi¬ 
mum  temperature  achieved  in  the  laser-beam  center. 

In  Fig.  1  the  spot  that  results  from  a  1 1  -W  8-s  exposure, 
has  only  slip  lines,  while  the  12-W  spot  shows  distinctive 
damage  in  the  center.  We  assume  that  this  damage  occurs 
because  of  melting  and  we  can  therefore  set  a  power  level  of 
approximately  1 1.5  W  as  being  the  value  at  which  the  center 
of  the  beam  reaches  the  melting  point  of  the  material.  A 
reasonable  assumption  is  that  in  our  case  the  silicon  has  re- 
crystallized  before  melting  so  we  assume  the  melting  tem¬ 
perature  to  be  1415  “C.  This  data  will  be  used  in  the  subse¬ 
quent  theoretical  calculations. 

In  the  second  part  of  the  experiment  (performed  on 
identically  implanted  samples)  the  laser  was  operated  in  the 
single-line  mode  at  5145  A  with  a  power  level  of  7  W  We 
used  a  single  line  to  obtain  better  beam  symmetry,  and  a  spot 
size  which  is  closer  to  the  theoretical  value. 

The  sample  was  exposed  to  the  7-W  irradiation  for  dif¬ 
ferent  anneal  times.  As  before,  the  sample  was  moved  up¬ 
wards  after  each  exposure  by  200  /z  to  avoid  overlap  of  the 
annealed  spots. 

The  results  of  this  experiment  are  given  in  Fig.  2.  The 
spot  sizes  were  measured  from  Fig.  2  and  are  plotted  as  a 


function  of  exposure  time  in  Fig.  5.  The  slightly  nonsymme- 
trical  character  of  the  spots  arises  from  low-frequency  drift 
in  the  laser  output.  This  is  one  of  the  major  reasons  for  the 
difference  between  experiment  and  theory. 

The  annealed  spot  size  in  the  two  parts  of  the  experi¬ 
ment  were  measured  optically  based  on  the  difference  in  the 
reflection  coefficient  between  the  single-crystal  and  the 
amorphous  regions.  To  prove  that  the  annealed  dark  region 
is  crystalline  Si,  a  TEM/TED  study  was  carried  out.  Figure 
3  shows  diffraction  patterns  obtained  from  the  annealed  spot 
as  well  as  from  the  nonexposed  area.  In  all  cases  examined, 
single-crystal  diffraction  patterns  were  obtained  within  the 
annealed  spots  in  contrast  to  amorphous  diffraction  patterns 
recorded  outside  of  the  anneal  area. 

The  surface  of  the  annealed  spots  was  also  examined  by 
an  ellipsometer  to  measure  the  thickness  of  a  possible  SiOj 
layer.  No  trace  of  any  oxide  was  found  which  shows  that, 
even  with  prolonged  annealing  times,  cw-laser  annealing 
does  not  cause  the  silicon  surface  to  oxidize.  This  combined 
evidence  indicates  that  the  annealed  spot  is  an  oxide-free 
surface  with  single-crystal  structure. 

Comparison  of  Fig.  1  and  2  shows  that  there  are  differ¬ 
ences  between  the  multiline  and  single-line  mode  of  oper¬ 
ation.  For  example,  the  7-W  spot  in  Fig.  1  and  th  8-s  spot  in 
Fig.  2  are  different  even  though  the  anneal  conditions  are  the 
same.  We  believe  this  is  caused  primarily  by  the  difference  in 
the  laser  beam  width  in  the  two  modes  of  operation.  To  take 
this  effect  into  account  we  have  measured  the  beamwidths  in 
the  two  modes.  The  beam-intensity  distribution  at  the  focal 
plane  of  the  267-mm  lens  was  imaged  with  an  8-mm  lens 
placed  8  mm  away  from  the  sample  surface.  After  passing 
through  this  lens,  the  beam  was  projected  on  a  screen  10  m 
away  from  the  lens.  The  beam  intensity  (as  a  function  of  x 
and  y)  on  the  screen  was  measured  using  a  photodiode  and 
the  distance  between  the  1/e  points  was  taken  as  the  beam- 
width.  This  measurement  was  performed  for  both  the  multi- 
line  and  single-line  mode  and  its  accuracy  was  estimated  to 
be  —  15%.  Due  to  the  inaccuracy  in  the  absolute  values  of 


FIG  3.  TFM  diffraction  patterns  from  in  and  out  of  the  annealed  spot 
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FIG.  4.  Steady-state  temperature  distribution  as  a  function  of  distance  from 
the  beam  center  for  the  5 145- A  line,  power  level  of  7  W,  and  a  laser -spot  size 
of  37.3  pm. 


this  measurement,  we  have  used  only  the  ratio  between  the 
two  cases,  which  is 

=  1.21.  (2.1) 

To  obtain  an  absolute  value  of  w  for  the  single-line  mode  we 
have  calculated  the  theoretical  beam  size  from  the  laser  mir¬ 
rors  and  spacing  specifications.12  After  passing  through  the 
267 -mm  lens  the  calculated  beam  size  is  37.3  p. m. 

III.  THEORETICAL  CALCULATIONS 

In  this  paper,  we  would  like  to  show  that  the  recrystalli¬ 
zation  process  responsible  for  the  results  above  is  consistent 
with  the  assumption  that  the  regrowth  mechanism  is  solid- 
phase  epitaxy.  The  regrowth  starts  at  the  interface  between 
the  amorphous  layer  and  the  underlying  single  crystal.  This 
process  has  been  investigated  by  Csepregi  et  al.,'°  and  was 
found  to  have  a  well-defined  activation  energy  of  2.3  eV.  In 
the  experiment  described  above  we  have  obtained  the  depen¬ 
dence  of  the  annealed  spot  size  on  exposure  time.  To  explain 
this  behavior  in  terms  of  the  proposed  model,  we  must  first 
calculate  the  temperature  distribution  in  the  laser-illuminat¬ 
ed  silicon  sample  as  a  function  of  r,  the  distance  from  the 
beam  center.  Clearly  the  temperature  will  decrease  mono- 
tonically  with  r.  For  each  point  in  the  radial  coordinate,  we 
associate  a  growth  rate  determined  by  its  temperature.  Giv¬ 
en  the  exposure  time  we  then  look  for  the  maximum  radius 
rma,  at  which  the  temperature  is  sufficient  to  completely  re¬ 
grow  the  amorphized  layer  in  the  given  exposure  time.  This 
rmilK  is  the  theoretical  radius  of  the  annealed  spot.  (As  a  prac¬ 
tical  matter,  it  was  found  easier  to  reverse  the  order  and 
calculate  the  required  exposure  time  for  given  rmax.) 

A.  Temperature  distribution 

The  calculation  of  the  temperature  distribution  is  based 
on  a  paper  by  Lax.”  He  deals  with  the  steady-state  tempera¬ 


m(all  lines) 
w(5145-A  line) 


ture  distribution  in  a  semi-infinite  sample.  The  sample  is  as¬ 
sumed  to  have  a  constant  thermal  conductivity  and  the  laser 
beam  is  assumed  to  be  radially  symmetric. 

We  assume  Lax’s  conditions  to  be  valid  for  our  case.  A 
steady  state  is  obviously  achieved,  at  least  for  the  longer  ex¬ 
posure  times.  The  sample  can  be  considered  semi-infinite 
since  its  dimensions  are  large  compared  with  the  beam  width. 
The  ambient  temperature  is  the  back-surface  temperature, 

1 50  *C.  The  beam  is  assumed  to  have  an  intensity  distribu¬ 
tion  given  by 

/  =  7o  exp(  -  P/w2),  (3.1) 

where  w  is  the  beamwidth  parameter  and  r  is  the  distance 
from  the  beam  center.  The  weakest  assumption  for  our  appli¬ 
cation  is  that  of  constant  thermal  conductivity  since  for  sili¬ 
con  the  thermal  conductivity  is  approximately  proportional 
to  1/T,  when  T >  450  K.  This  will  probably  be  the  main 
source  of  error  in  the  temperature  calculations  that  follow, 
though  our  experimental  procedure  is  designed  to  minimize 
the  error  by  using  an  appropriate  temperature-calibration 
technique. 

In  Ref.  ( 1 3),  the  temperature  rise  A  T  is  shown  to  be 

AT —  A  Tm%%N  (r^,w),  (3.2) 

where 


ATm„  =  ±P(\-R  )/(tr Y'Kw,  (3.3) 

K  is  the  thermal  conductivity,  z  is  the  depth,  P  is  the  total 
incident  power,  and  R  is  the  reflectivity.  The  function  N  is 
normalized  to  have  a  maximum  value  of  unity.  For  the  sur¬ 
face,  Z  =  0,  N(r,0,w)  will  be 


A r(r,0,w)  = 


J0(rr/w)  exp(  -  V) 

- «_  dTi 

aw  +  r 


(3.4) 


where  a  is  the  absorption  coefficient  for  the  laser  irradiation 
and  J0  is  the  zero-order  Bessel  function  of  the  first  kind. 


A  rm„  cannot  be  calculated  directly  from  Eq.  (3.4)  be¬ 
cause  K  is  not  constant.  Therefore,  the  actual  maximum 
temperature  rise  will  be  determined  on  the  basis  of  the  first 
part  of  the  experiment,  annealing  for  a  constant  time  at  dif¬ 
ferent  power  levels.  As  indicated  there,  we  have  chosen  11.5 
W  to  be  the  laser  power  level  at  which  the  temperature  in  the 
center  of  the  spot  is  1415  'C.  This  estimate  can  then  be  used 
to  evaluate  the  maximum  temperature  rise  in  the  second  part 
of  the  experiment,  where  we  used  the  5145-A  line  at  the 
constant  power  of  7  W.  According  to  Eq.  (3.2),  J  Tmjlx  is 
linearly  proportional  to  P and  inversely  proportional  to  w. 
We  have  measured  the  ratio  between  beamwidths  in  the  two 
parts  of  the  experiment  (multiline,  5145-A  line).  This  ratio  is 
given  by  Eq.  (2.1).  The  ratio  between  powers  in  these  two 
cases  is  1 1.5/7.  Recalling  that  the  substrate  is  held  at  150  °C. 
we  then  obtain  for  the  actual  maximum  temperature  of  the 
sample 


rma,(7W,  5145-A  line)  =  1082  *C.  (3.5) 


The  next  step  in  the  calculation  is  to  evaluate  Eq.  (3.4) 
which  gives  the  temperature  distribution  as  a  function  of  r. 
Todo  this,  we  use  a  of  Si  for  5145  A,  1 1  800  cm'1,  and  the 
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FIG.  5.  Experimental  and  theoretical  annealed  spot  sizes  for  S14S-A  line  7 
W  and  different  exposure  time. 


calculated  value  of  w,  37.3  fim.n  The  final  surface-tempera¬ 
ture  profile  is  given  in  Fig.  4. 

B.  Epitaxial  growth  rata  and  theoretical  apot 
size 

We  have  used  the  following  equation  from  Ref.  (10)  for 
the  epitaxial  growth  rate  v  as  a  function  of  temperature: 

v  =  1 .55  X 10“  exp[  -  2.3  c\/kT(r)]%  (A/s).  (3.6) 

For  further  calculations  we  assume  the  temperature  of  the 
amorphous  layer  to  be  independent  of  depth.  To  verify  this 
assumption,  the  temperature  difference  between  the  surface 
and  a  point  800  A  deep  into  the  silicon  was  calculated  using  a 
very  low  value  (0.02  W/cm  *C)  for  the  thermal  conductivity 
of  amorphous  silicon.  This  temperature  difference  (across 
the  layer)  was  found  to  be  less  than  0.5  °C. 

For  a  given  annealed  spot  radius  we  can  calculate  the 
required  exposure  time  by  dividing  the  amorphous-layer 
thickness,  800  A,  by  the  growth  rate  at  the  edge  of  the  an¬ 
nealed  spot.  The  result,  together  with  the  experimental  data, 
is  presented  in  Fig.  5,  where  we  give  the  spot  size  versus 
annealing  time.  For  the  exposure  times  employed,  the  theo¬ 
retical  spot  diameter  is  approximately  linearly  dependent  on 
the  log  of  the  annealing  time  (this  is  not  true  for  shorter 
exposure  times). 

IV.  DISCUSSION  AND  CONCLUSIONS 

In  spite  of  some  rather  crude  approximations  made  in 
the  calculations  above,  the  experimental  and  theoretical  spot 
sizes  match  to  within  10%  over  the  entire  range  of  exposure 
times.  Alternately,  the  corresponding  growth  rate  obtained 
in  this  work  is  within  a  factor  of  2-3  (larger)  than  the  pub¬ 
lished  solid-phase  epitaxial  regrowth  rates. 

The  difference  between  theory  and  experiment  can  be 
explained  by  several  factors,  among  which  are  inaccuracy  in 
the  maximum  temperature  at  the  center  of  the  spot  and  un¬ 
certainty  in  the  laser  beamwidth.  Hence,  the  model  based  on 
solid-phase  epitaxy  gives  a  reasonable  explanation  of  anneal¬ 


ing  behavior  when  a  cw  laser  is  used.  This  explanation  is 
consistent  with  other  data  we  have  obtained,  including  both 
the  absence  of  redistribution  of  implanted  impurities  during 
the  process,  and  TEM  studies  which  give  evidence  of  a  re¬ 
growth  process  that  starts  from  the  interface  of  the  amor¬ 
phous  and  crystalline  silicon.14 

Based  on  the  data  presented  above,  we  concluded  that 
conventional  solid-phase  epitaxial  regrowth  can  occur  when 
implanted  amorphized  silicon  is  annealed  by  a  scanned  cw 
laser.  Since  the  temperature  involved  is  relatively  high,  the 
short  time  (of  the  order  of  1  ms)  that  it  takes  for  a  laser  beam 
to  move  a  distance  equal  to  its  spot  size  is  enough  to  allow 
complete  regrowth  of  the  amorphous  layer  but  insufficient 
to  permit  significant  diffusion  of  the  implanted  impurities. 
Hence,  the  main  effect  of  the  laser  radiation  is  to  supply  the 
energy  needed  to  raise  the  temperature  of  the  material  that  is 
being  annealed. 

In  conclusion,  we  want  to  point  out  the  sensitivity  of 
our  model  to  the  temperature  profile  in  the  sample.  Increas¬ 
ing  the  maximum  temperature  at  the  center  of  the  spot  from 
1080  to  1 1 82  °C  increases  the  spot  size  by  10%.  In  contrast, 
the  model  is  insensitive  to  the  preexponential  term  in  the 
growth  rate,  Eq.  (3.6).  Tripling  this  term  increases  the  calcu¬ 
lated  spot  size  by  only  10%.  Therefore,  an  ionization  en¬ 
hancement  of  the  growth  rate  can  neither  be  verified  nor 
ruled  out.  Another  factor  which  effects  the  preexponential 
growth  rate  constant  is  type  and  concentration  of  impurities. 
We  believe  that  this  effect  is  neutralized  by  the  high  density 
of  electron-hole  pairs  generated  by  the  incoming  radiation 
which  tend  to  shift  the  Fermi  level  to  midgap  independent  of 
sample  doping. 
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The  use  of  a  laser  as  a  toed  for  annealing  of  ion-implantation  damage  is  described.  The  principal  results 
obtained  are  as  follows:  (1)  electrical  measurements  show  that  activity  comparable  to  that  of  a  1000‘C 
30-min  anneal  can  be  obtained;  (2)  TEM  measurements  show  that  complete  recrystallization  of  the 
damaged  layer  occurs  during  the  laser  anneal;  (3)  impurity  profiles  obtained  from  SIMS  measurments 
show  that  the  dopant  atoms  remain  in  the  LSS  profile  during  annealing.  Simple  diodes  were  fabricated  to 


examine  the  feasibility  of  the  method  for  device  fabrication. 
PACS  numbers:  61.80Jh,  S1.40.Rs 

When  ions  are  implanted  into  a  crystalline  target,  a 
region  near  the  surface  of  the  target  is  damaged,  and 
in  some  cases  driven  totally  amorphous.  For  the 
majority  of  device  applications  some  process  of  anneal¬ 
ing  is  needed  to  restore  the  perfection  of  the  crystal. 

Several  authors1-9  have  reported  on  the  use  of  pulsed 
ruby  and  Nd-YAG  lasers  for  annealing  of  ion -implanta¬ 
tion  damage  in  semiconductors.  Klimenko  et  al .*  also 
deal  with  annealing  by  radiation  at  low  power  density 
for  a  long  period  of  time.  Kachurin  et  al. 1  describe  a 
mechanical  laser  scanner  for  a  continuous  argon  ion 
beam  and  show  that  high  electrical  activity  of  the  an¬ 
nealed  layers  can  be  obtained. 

In  a  more  recent  paper*  Gat  and  Gibbons  describe  an 
apparatus  that  can  be  used  to  synchronously  scan  a  con¬ 
tinuous  laser  beam  across  an  ion -implanted  sample.  In 
this  apparatus,  the  sample  is  placed  in  the  focal  plane 
of  the  system  to  assure  uniformity  of  annealing  across 
a  given  scan  line  on  the  sample.  In  this  paper  we  de¬ 
scribe  the  analysis  of  As* -Implanted  silicon  samples 
that  were  annealed  in  this  apparatus.  The  analysis  to 
be  presented  is  based  on  SIMS,  TEM,  SEM,  spreading 
resistance,  and  p-n -junction  diode  measurements. 

As*  was  implanted  at  100  keV  to  a  dose  of  5*  10l4/cml 
into  a  number  of  2— 4-0  cm  p-type  {100}  silicon  sam¬ 
ples.  This  dose  is  sufficient  to  drive  the  silicon  amor¬ 
phous  to  a  depth  of  approximately  1000  A.  After  im¬ 
plantation,  several  of  the  samples  were  subjected  to  a 
1000  C  30-min  thermal  anneal  in  flowing  Nj  to  provide 
standards  of  comparison  for  the  laser-annealed 
samples. 

The  laser -annealed  samples  were  subjected  to  the  an¬ 
nealing  sequence  described  in  Ref.  8.  The  system  uses 
an  Ar  ion  laser  having  its  primary  output  at  4880  A.  A 
power  level  of  7  W  was  found  to  provide  optimum  an¬ 
nealing  using  a  79-mm  lens  to  focus  the  beam  on  the 
surface  of  a  thermally  bonded  implanted  sample.  The 
scan  rate  was  2.76  cm/sec,  at  which  rate  lines  of  width 
22  pm  are  annealed  on  each  scan  of  the  sample.  The 


spacing  between  adjacent  scan  lines  can  be  controlled, 
permitting  study  of  both  overlapping  and  nonoverlapping 
scan  geometries. 

Laser -annealed  samples  in  which  adjacent  scan  lines 
were  made  to  overlap  by  approximately  20%  were  pro¬ 
filed  by  the  SIMS  technique  of  Evans  et  al.  using  Cs*  as 
the  primary  ion  beam.  *  The  crater  developed  during 
this  process  was  approximately  100  pm  square,  and 
therefore  covered  a  number  of  the  overlapped  22-pm 
scan  lines. 

A  comparison  of  results  obtained  from  the  laser- 
annealed  and  thermally  annealed  samples  is  given  in 
Fig.  1.  The  most  striking  result  of  this  measurement 
is  that  the  laser-annealed,  impurity  distribution  is 
essentially  identical  to  the  theoretical  impurity  dis- 
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FIC.  1.  As  concentration  profile  in  As-implantcd  silicon  after 
laser  anneal  and  thermal  anneal. 


278 


Appl.  Phys.  Lett.  32(5).  1  March  1978 


0003-695 1/78/3205-02  76SOO  50 


©  1978  American  Institute  of  Physics 


276 


laser  scan  line.  The  data  have  consistently  shown  an 
absence  of  thermal  cracking  and  line  defects  both  at  the 
boundary  and  within  laser  scanned  regions.  Correlated 
SEM  examinations  also  indicate  no  identifiable  surface 
alteration  or  surface  cracking  on  samples  with  over¬ 
lapping  and  nonoverlapping  scan  lines.  The  results 
suggest  that  severe  thermal  gradients  and/or  stress- 
assisted  secondary  defect  nucleation  are  either  absent 
or  sufficiently  reduced  under  the  laser  exposure  condi¬ 
tions  described  so  as  to  escape  detection  by  TEM. 
Additional  TEM/SEM  studies  are  currently  in  progress 
to  further  identify  the  nature  of  lattice  reordering  as  a 
function  of  laser  power  density  and  exposure  time. 

Using  standard  photolithographic  techniques,  two  sets 
of  windows  having  the  dimensions  1400  pm  x  630  pm 
and  770  pm*425  pm  were  cut  in  a  2400-A -thick  Si02 
layer.  As*  was  then  implanted  through  these  windows 
under  the  conditions  described  above  and  an  overlapping 
scan  was  employed  to  anneal  the  implanted  area  (with¬ 
out  stripping  the  oxide  mask).  /-V  characteristics  for 
the  770-pm  x  426-pm  diodes  formed  in  this  way  are 
shown  in  Fig.  3.  The  I-V  characteristics  may  be  fitted 
to  the  general  formula  7  =  /0  [exp(qV  /mkT)  -  1]  u*1!  by 
using  m  =  1. 5  in  the  current  range  from  100  nA  to  ~  10 
pA  and  »i  =  2.  23  in  the  current  range  10  pA</<3  mA. 
Beyond  3  mA  the  1-V  curve  bends  away  from  an 
m  =  2.  23  line  due  to  excessive  diode  resistance. 

The  reverse  breakdown  voltage  for  these  diodes  was 
35  V  and  the  leakage  current  was  90  nA  at  -3  V.  This 
relatively  high  leakage  current  and  the  nonideal  for¬ 
ward  characteristics  may  be  related  to  effects  which 
seem  to  occur  in  the  Si  under  the  oxide  mask.  Specifi¬ 
cally,  the  Si  underneath  the  oxide  appeared  to  have  been 
melted  and  regrown  as  a  result  of  the  laser  anneal. 

This  effect  could  arise  if  the  oxide  layer  acted  as  both 
an  (imperfect)  antireflection  coating  and  thermal  in¬ 
sulating  barrier  so  that  the  power  absorbed  into  the 
semiconductor  was  greater  than  the  critical  energy 
needed  to  anneal  the  amorphous  layer.  In  any  event, 


FIG.  2.  Electron  micrographs  of  As-implanted  silicon  sub¬ 
jected  to  thermal  anneal  of  1000  *C  30  min  (a)  and  laser  an¬ 
nealing  (b);  inserts  show  diffraction  patterns  which  are  typical 
to  their  regions. 


tribution  obtained  using  a  Pearson  type -IV  distribution 
function  with  LSS  range  statistics. 10  For  comparison, 
the  thermally  annealed  sample  shows  substantial  dif¬ 
fusive  redistribution  of  the  As  during  the  annealing 
cycle  (as  expected).  The  sheet  resistance  for  both  of 
the  samples  was  180  fl/D  and  corresponds  to  essentially 
100%  electrical  activation  of  the  implanted  As*. 

To  study  the  structural  quality  of  the  recrystalliza¬ 
tion,  TEM  samples  were  prepared  from  conventionally 
annealed  and  laser -annealed  samples.  Samples  contain¬ 
ing  overlapping  or  nonoverlapping  scan  lines  were 
investigated  in  separate  experiments.  Figure  2  shows 
representative  electron  micrographs  of  As -implanted 
samples  subjected  to  1000 °C  30-min  thermal  annealing 
[Fig.  2(a)]  and  laser  annealing  [Fig.  2(b)].  The  thermal¬ 
ly  annealed  sample  contains  a  relatively  high  concen¬ 
tration  (=>  10'Vcm2)  of  residual  damage  in  the  form  of 
dislocation  loops  (=»  300  A  average  image  diameter).  In 
comparison,  the  concentration  of  defects  in  the  laser- 
annealed  samples  is  considerably  reduced.  In  all  of  the 
laser-annealed  samples,  single -crystal  diffraction 
patterns  [left  inset — Fig.  2(b)]  were  obtained  within 
single  and  overlapping  laser  line  scanned  regions.  The 
results  indicate  complete  recrystallization  and  re¬ 
covery  from  the  amorphous  state  during  laser  exposure. 

Of  particular  importance  in  Fig.  2(b)  is  the  presence 
of  a  reasonably  well-defined  boundary  between  re- 
crystallized  and  amorphous  zones  at  the  edge  of  the 
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FIG.  3.  Forward  characteristics  of  As  ion- implanted  and 
laser-annealed  diode  in  p- type  silicon. 
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the  perimeter  of  each  diode  was  heavily  damaged  and 
is  believed  to  be  responsible  for  the  nonideal  /-V  char¬ 
acteristics  described  above.  Experiments  are  underway 
to  test  this  hypothesis. 

We  conclude  that  a  scanning  continuous  Ar  ion  laser 
is  capable  of  completely  annealing  the  amorphous  layer 
of  Si  that  is  produced  by  a  5xlO,4/cmJ  dose  of  As*  ions 
implanted  at  an  energy  of  100  keV.  The  electrical 
activity  of  the  impurities  in  the  annealed  layer  is 
essentially  100%,  and  the  impurity  profile  is  essential¬ 
ly  identical  to  the  as -implanted  profile.  TEM  shows 
that  inside  a  given  scan  line  the  dislocation  loop  density 
is  less  than  that  obtained  for  a  thermal  anneal,  and  no 
worse  than  a  thermal  anneal  in  the  region  where  scan 
lines  overlap.  Residual  damage  may  exist  under  oxide 
masks,  but  this  can  be  minimized  by  using  oxide  masks 
of  the  proper  thickness  or  metal  masks. 
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Scanning-electron-beam  annealing  of  arsenic-implanted  silicon 
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<100>  Si  implanted  with  As  (100  keV,  10'Vcm2)  was  annealed  with  a  scanning 
electron  beam.  The  principal  results  obtained  were  (1)  the  electrical  activity  of  the  e- 
beam-annealed  samples  is  the  same  as  for  control  samples  subjected  to  either  cw  laser 
annealing  or  thermal  annealing  at  S7S  and  1000’C,  respectively,  for  30  min  each;  (2) 
recrystallization  of  the  implanted  layer  as  determined  by  MeV  ion  channeling  and  TEM 
measurements  is  complete;  (3)  the  electron  distribution  obtained  by  stripping  and  van 
der  Pauw  measurements  indicates  that  no  diffusion  of  the  implanted  atoms  has  occurred. 

The  annealing  is  therefore  essentially  identical  to  that  obtained  with  a  scanning  cw 
laser. 

PACS  numbers:  81.40.Ef,  41.80.Dd,  72.20.  -  i 

Within  the  last  year  a  number  of  research  groups  have  describes  experimental  results  which  confirm  this  parallel- 
shown  that  both  ^-switched  and  scanned  cw  lasers  can  be  ism  exactly. 

used  to  anneal  damage  in  Si  created  by  ion  implanation. 1  1  The  amorphous  Si  layers  were  formed  by  implantation 

The  annealing  mechanism  for  the  ^-switched  case  involves  of  »As  jons  jnt0  <  100  >  10_20 -12  cm  p- type  Si  substrates 

melting  of  the  implanted  layer,  followed  by  a  liquid-phase-  held  near  LN2  temperature.  The  total  As  dosr  was  1.5  X  10” 

epitaxial  recrystallization  process.2  4  ’  For  the  scanning  la-  cm-2  and  t|,e  implant  energy  was  100  keV.  This  dose  and 

ser,*'*  annealing  proceeds  by  a  solid-phase-epitaxial  re-  energy  are  sufficient  to  form  an  amorphous  layer  extending 

growth  of  the  damaged  layer.’10  The  important  beam  param-  from  the  surface  t0  a  depth  of  about  1000  A  Xhe  choice  of 

eters  that  characterized  the  two  processes  are  quite  different,  ion,  dose>  and  energy  was  dictated  by  reproducing  earlier 
being  energy  density  for  the  ^-switched  case  (1-3  J/cm!) 1 1  laser  conditions  and  providing  an  electrically  active  impuri- 

and  the  ratio  of  beam  power  to  spot  radius  for  the  scanned  ty  upon  which  MeV  ion  channeling  and  backscattering  mea- 

laser  (~0  2  W//i).10  surements  can  be  easily  made.  After  implantation  the  sam- 

Pulsed  electron  beams  have  also  been  used  to  anneal  pies  were  mounted  on  a  copper  heat  sink  with  Dow  Coming 

ion-implanted  Si  with  results  that  are  very  similar  to  those  340  Heat  Sink  Compound  and  electron-beam  annealed  in  a 

found  for  the  0-switched  laser,  including  particularly  the  Hamilton  Standard  Electron  Beam  Welder  Model  EBW 
threshold  energy  required  for  annealing.”  (7.5)  at  a  working  vacuum  of  10  *  Torr. 

The  parallelism  of  pulsed  laser  and  pulsed  e-beam  re-  Typical  e-beam  parameters  used  were  30  kV  at  0.5  mA 

suits  leads  naturally  to  the  question  of  whether  a  scanned  with  the  beam  focused  to  a  spot  approximately  300  p  in  di- 
electron  beam  with  beam  parameters  similar  to  the  cw  laser  ameter  at  a  distance  8  in.  below  the  lowest  surface  of  the  final 

can  be  used  to  anneal  ion  implant  damage.  The  following  lens.  The  beam  was  scanned  at  a  rate  of  2.5  cm/sec.  Both 

_  electrical  and  mechanical  scanning  were  used  with  identical 

"CONICET  Fellow  on  leave  from  CNEA,  Argentina.  results.  The  beam  parameters  were  chosen  to  closely  ap- 
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FIG.  1.  Plot  of  electron  concentration  (No./cm1)  and  mobility  (cm'/V  sec) 
determined  from  differential  van  der  Pauw  measurements  versus  depth  for 
e-beam-annealed  1 .5  X  10”-As/cm’  ion  implant  at  100  keV.  Also  shown  is 
the  theoretical  profile  expected  for  an  unannealed  sample. 

proximate  the  power/radius  (P/r)  ratio  and  scan  speed  of 
the  laser  experiments.  The  temperature  of  the  sample  holder 
remained  below  SO  *C  during  the  anneal.  Large  areas  of  an¬ 
nealed  material  were  prepared  for  electrical  and  channeling 
measurements  by  overlapping  the  scanned  lines,  again  simi¬ 
lar  to  the  techniques  reported  in  the  scanned  laser  case. 

The  annealed  layers  were  first  examined  using  No- 
tnarski  interference  microscopy  and  were  found  to  be  100- 
1 50/rm  wide.  Variation  in  the  total  e-beam  current  produced 
(a)  no  visible  effects  for  IB  S  0.3  mA;  (b)  excellent  annealing 
for /8=; 0.5  mA;  (c)  surface  crazing  for /B— 0.6  mA;  (d)  ther¬ 
mal  etching  of  the  surface  for  Ia  >  0.6  mA. 

Electrical  evaluation  of  the  annealed  layers  was  per¬ 
formed  by  measuring  both  sheet  resistivity  (using  an  ASR- 
100  spreading  resistance  probe11)  and  carrier  concentration 
and  mobility  versus  depth,  using  anodic  stripping  and  van 
der  Pauw  measurements. 

The  spreading  resistance  measurements  show  a  sheet 
resistivity  that  decreases  from  105  42/0  after  implantation 
to  100  /2/0  after  the  e-beam  anneal.  This  result  is  identical 
to  results  obtained  on  control  samples  that  were  annealed 
either  thermally  (1000  *C  for  30  min  in  Nj)  or  with  scanned 
Ar  cw  laser  beam.  No  effects  of  the  beam  overlap  on  sheet 
resistivity  were  detected  by  the  spreading  resistance  probe 
when  the  probe  was  stepped  across  these  lines. 

The  results  of  the  stripping  and  van  der  Pauw  measure¬ 
ments  are  shown  in  Fig.  1  along  with  the  Pearson  IV"  distri¬ 
bution  expected  for  this  75 As  dose  and  energy  implant.  The 
stripping  was  calibrated  by  ellipsometric  measurements  of 
the  anodic  films.  A  Si-SiOj  ratio  of  0.96  was  found  to  charac¬ 
terize  this  anodic  oxidation  process.  Also  shown  is  the  elec¬ 
tron  mobility  measured  for  each  point.  These  mobility  val¬ 
ues  are  in  excellent  agreement  with  those  found  in  bulk 
diffusedSi  15  and  identical  to  the  values  obtained  in  cw  laser- 


annealed  samples.  The  total  number  of  electrons/cm'  calcu¬ 
lated  from  this  figure  is  1.02  X 10"  cm'1.  The  total  dose,  as 
measured  by  MeV  backseat  tering  techniques,  was 
1.5  X  10' 7cm',  indicating  that  —  33%  of  the  7'As  atoms  are 
not  electrically  active. 

In  Fig.  2  we  show  data  taken  by  1.5-MeV  4He'  ion 
channeling  and  backscattering  for  samples  subjected  to  a 
variety  of  annealing  sequences.  For  the  unannealed  case  the 
backscattering  yield  from  the  amorphous  layer  is  character¬ 
ized  by  a  plateau  with  a  high-energy  step  corresponding  to 
scattering  from  the  surface  atoms  (0.847  MeV)  and  a  low- 
energy  step  corresponding  to  the  interface  between  the 
amorphous  and  single-crystal  Si.  The  thickness  of  the  amor¬ 
phous  layer  can  be  determined  from  the  energy  width  of  the 
plateau  assuming  bulk  Si  density  and  the  measured  stopping 
cross  sections.1*  The  result  is  —  1000  A.  The  total  As  dose 
can  also  be  determined  from  this  spectrum  and  is,  using  the 
near-surface  approximation,'7 1.5  X 10"  As/cm2.  The  range 
and  FWHM  of  the  arsenic  distribution  can  be  estimated  and 
are  in  excellent  agreement  with  the  results  presented  in  Fig. 
1. 

The  aligned  spectra  for  the  e-beam  and  thermally  an¬ 
nealed  samples  show  a  large  number  of  As  atoms  in  nonsub- 
stitutional  lattice  sites,  —25%  for  the  e-beam  and  —  30%  for 
the  thermally  annealed  sample,  in  excellent  agreement  with 
the  results  obtained  in  the  stripping  measurements.  The 
minimum  yield  at  the  surface  for  the  <  100  >  -aligned  ther¬ 
mally  annealed  substrate  is  —5%,  slightly  higher  than  that 
of  a  perfect  crystal.  This  result  appears  to  be  due  to  a  residual 
damage  region,  possibly  caused  by  oxygen  knock-ons  from 
the  sample  surface.  The  aligned  yield  on  the  e-beam-an- 
nealed  samples  is  around  5%  and  the  minimum  yield  is  seen 
to  increase  more  rapidly  at  lower  backscattering  energies 
than  the  thermally  annealed  samples,  suggesting  a  greater 


FIG.  2.  Aligned  spectra  for  1.5-MeV  ‘He  ions  incident  on  <  100  >  Si  im¬ 
planted  with  l.5x  10”  As/cm’  at  100  keV  at  LN,  temperature.  Spectra  are 
shown  for  the  unannealed,  thermally  annealed,  and  e-beam-annealed  sam¬ 
ples.  A  random  spectrum  is  also  shown  for  comparison. 
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FIG.  3.  TEM  micrograph  of  e-beam -annealed  ”As  implanted  sample  with 
selected  area  diffraction  pattern. 

number  of  residual  defects  remain  in  this  layer.  To  clarify 
this  point  we  performed  TEM  analysis. 

In  Fig.  3  we  show  a  TEM  micrograph  for  the  e-beam- 
annealed  layer.  The  selected  area  diffraction  pattern  (inset) 
indicates  that  complete  recrystallization  of  the  layer  has  oc¬ 
curred.  However,  the  bright-field  micrograph  indicates  that 
residual  defects  in  the  form  of  small  dislocation  loops  (40- 
100-A  mean  image  diameter)  remain.  The  average  loop  con¬ 
centration  was  estimated  from  a  number  of  micrographs  to 
be  — 1014  cm'2.  Similar  results  were  found  in  thermally  an¬ 
nealed  samples,  leading  us  to  believe  that  these  loops  might 
be  associated  with  the  surface  peak  observed  in  channeling 
data.  Removal  of  ~  280  A  of  Si  by  anodic  oxidation  and 
stripping  reduced  the  loop  density  by  about  an  order  of  mag¬ 
nitude,  verifying  that  these  loops  are  associated  with  surface 
damage  possibly  due  to  knock-on  of  oxygen  and/or  carbon 
by  the  high-dose  arsenic  implant.  After  removal  of  the  high 
concentration  of  loops,  we  observe  a  distribution  of  rodlike 
structures  ~500  A  in  average  length  that  appear  to  be  con¬ 
centrated  near  the  peak  region  of  the  7,As  distribution. 
These  structures  are  seen  in  both  thermal  and  e-beam-an¬ 
nealed  samples. 

”As  implanted  <  100  >  Si  can  be  annealed  with  a  scan¬ 
ning  electron  beam  with  results  that  are  very  similar  to  those 
obtained  with  a  scanning  cw  laser,  viz:  (a)  no  redistribution 


of  the  implanted  dopant  during  annealing,  suggesting  that 
solid  phase  epitaxy  is  the  annealing  mechanism,  (b)  electrical 
activity  of  ~  70%  with  30%  of  the  implanted  atoms  off  axis, 
similar  to  both  thermal  and  cw  laser  results  for  the  ”As  dose 
used,  and  (c)  essentially  perfect  recrystallization  as  mea¬ 
sured  by  TEM,  with  evidence  of  clusters  near  the  surface  and 
rod-shaped  defects  near  the  peak  of  the  impurity 
distribution. 
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PHYSICAL  PROPERTIES  OF  ION-IMPLANTED  SEM-ANNEALED 

SILICON 
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Xerox  Palo  Alto  Research  Center 
Palo  Alto,  California 

T.  W.  Sigmon  and  J.  F.  Gibbons 
Stanford  Electronics  Laboratories 
Stanford,  California 

A  detailed  study  has  been  conducted  on  the  structural  and 
electrical  properties  of  ion-implanted  silicon  which  has  been 
annealed  with  a  commercial  scanning  electron  microscope 
(SEM),  modified  for  high  current  operation.  Electrical  evaluation 
of  the  annealed  layers  included  the  measurement  of  sheet 
resistivity  and  depth  profiles  of  the  carrier  concentration  and 
mobility.  Recrystallization  of  the  implanted  layers  was  evaluated 
by  Rutherford  backscattering  techniques  and  transmission 
electron  microscopy  ITEM).  The  results  presented  here  further 
substantiate  previous  findings  that  high-quality  single-crystal 
layers  can  be  obtained  from  SEM  annealing  of  implanted 
amorphous  layers  on  silicon. 

1.  INTRODUCTION 

The  annealing  of  arsenic-implanted  silicon -with  -  a  scanned 
electron  beam  in  a  modified  SEM  (Cambridge  Stereoscan  S-4) 
has  recently  been  reported  (1).  It  was  demonstrated  that  the 
SEM  features  high-resolution  annealing  with  the  attainment  of 
submicron  areas  of  recrystallized  silicon  in  implanted  amorphous 
layers.  The  single  crystal  quality  was  evaluated  from  electron 
channeling  patterns  obtained  from  selected-area-diffraction 
scans  in  the  SEM.  The  electrical  activity  and  redistribution 
of  the  implanted  species  were  studied  by  angle  lapping 
and  spreading  resistance  measurements.  In  this  paper,  we 
report  an  extended  study  of  the  structural  and  electrical 

properties  of  (100)  Si  implanted  with  As  +  ,  Si+  and  SiH+  on  a 

y Present  Address:  Centro  Atomico,  840  Bariloche,  Argentina. 
2Stanford  University,  Consultant  to  the  Xerox  Corporation. 


implanted  with  As  +  ,  Si+  and  SiH+  on  a  bare  surface,  or 
through  SiC>2,  and  then  SEM  annealed.  The  system  and 

annealing  conditions  were  similar  to  those  used  in  Ref.  1. 
Material  characterization  includes:  (1)  crystal  perfection  from 
Rutherford  backscattering  and  TEM  measurements  and  (2) 
dopant  concentration  and  electron  mobility  from  differential 
resistivity  measurements  with  the  van  der  Pauw  configuration. 
Studies  of  electronic  defect  levels  in  scanned  e-beam  annealed 
silicon  are  reported  elsewhere  (4).  The  results  from  the  present 
study  are  compared  with  those  obtained  with  an  e-beam  welder 
(2)  and  by  CW  laser  annealing  (3). 

II.  EXPERIMENT 

Typical  annealing  conditions  were  20  kV  at  50  -  70  /iA,  with  a 
scanning  speed  of  10  cm/sec  and  a  frame  time  of  40  sec  for  1 
mm.  The  working  distance  was  7  mm.  Based  on  a  theoretical 
analysis  of  transient  annealing  -<5),  it  was  estimated  from 
measured  values  of  melting  and  annealing  powers  that  the 
power-per-unit  radius  for  SEM  annealing  is  0.21  W/jim,  which 
yields  a  beam  radius  of  ~6  /im. 

'  Lange  areas  of  about  1  xi  cm2  were  obtained  by  overlapping 
scan-lines  and  frames.  The  annealed  layers  were  first  examined 
by  Nomarski  interference  microscopy,  which  clearly  revealed 
when  melting  occurred  on  .  a  submicron  scale.  On  the  other 
hand,  melting  produces  topographical  changes  such  as  pitting 
and  piling  which  are  readily  detected  in  the  SEM  and  from  which 
the  melting  power  can  be  determined  for  given  working 
conditions. 

III.  RESULTS  AND  DISCUSSION 

Spreading  resistance  measurements  were  used  to  test  the 
lateral  homogeneity  of  the  annealed  areas.  Results  are 
presented  in  Fig.  1.  A  (100)  p-type  silicon  substrate  was 

implanted  with  As+  at  180  keV  to  a  dose  of  5  x  1015  cm’2 
through  1000  A  of  S1O2.  After  implantation  the  probe-to-probe 

resistance  is  over  104  fl,  and  on  the  SEM-annealed  region  it  is 
-~70  St,  consistent' with  recrystallization  of  the  surface  layer  and 
electrical  activation  of  the  implanted  dopant.  The  detectable 
periodic  variation  in  resistance  over  the  SEM-annealed  area  is 
due  to  a  slight  resistance  variation  over  individual  scan-lines. 
Over  a  scan  distance  of  1  mm  (i.e.,  over  the  length  on  an 
individual  scan-line)  the  resistance  increases  by  <10%  from  a 
minimum  value  at  the  midpoint,  which  corresponds  to  optimum 
anneal  conditions,  to  larger  values  at  the  edges  of  the  scan-lines. 
This  variation  is  attributed  to  the  effect  on  beam  focus  of  the 
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finite  radius  of  curvature  of  the  scanned  e*beam  (6). 

MeV  4He-ion  backscattering  was  used  to  study  single¬ 
crystal  quality  and  the  substitutionality  of  implanted  atoms. 

In  Fig.  2  are  shown  data  taken  by  2.2  MeV  4He  +  ion  chan¬ 
neling  and  backscattering  on  (100)  silicon.  The  SEM-  annealed 

specimen  was  first  implanted  with  As+  at  100  keV  to  a  dose  of 

1.1  x  101®  cm*^,  as  measured  by  RBS.  The  spectrum  for  the 
SEM-annealed  sample  displays  the  same  minimum 
backscattering --yield  at  the  -surface  as  is  obtained  from  an 
unimplanted  control  wafer  (~4%).  '  This  reveals  that  the  entire 
implanted  amorphous^  layeF  has  been  recrystallized  and  is 
comparable  in  quality  to  the  starting  material,  as  determined  by 
the  oriented  RBS  technique.  The  minimum  yield  on  the  SEM- 
annealed  sample  is  seen  to  increase  more  rapidly  at  lower 
backscattering  energies  than  for  the  ‘  unimplanted  one, 
suggesting  that  a  number  of  residual  defects  remain  in  this  layer. 
Also  shown  in  Fig.  .2  is  the  random  spectrum  which  represents 
the  yield  for  a  completely  amorphous  target.  The  alic^d 
spectrum  for  the  SEM-annealed  sample  shows  that  ~12%  on  .  >3 
implanted  arsenic  is  in  non-substitutional  lattice  sites. 

In  Fig.  3  are  shown  aligned  spectra  for  self-implanted  silicon. 

The  spectrum  for  lO1^  Si+  cm'^  implanted  at  40  keV  with  the 
substrate  at  LN2  temperature  is  essentially  identical  to  the 

aligned  spectra  shown  in  Fig.  2.  However  the  higher  yield  and 
second  disorder  peak  (after  the  surface  peak)  for  the  room 
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temperature  implant  implies  a  higher  level  of  residual  damage 
after  SEM  annealing,  as  in  thermal  annealed  samples  after  high 
temperature  implantation  (7). 

Further -electrical  evaluation  of  ion-implanted  SEM-annealed 
silicon  was  performed  by  differential  resistivity  with  the  van  der 
Pauw  technique  combined  with'  anodic  oxidation  for  depth 
profiling.  The  measurement  yields  carrier  concentration  and 

mobility  as  shown  in  Fig.  4  for  As + -implanted  silicon.  Also 
shown  is  the  theoretical  Pearson  IV  distribution  (8)  expected  for 

the  indicated  As+  dose  and  implantation  energy.  The  total 
number  of  electrons/cm2  calculated  from  this  figure  is  9.6  x  1014 

cm’2,  and  the  total  dose  measured  by  RBS  is  1.1  x  1015  cm’2, 
indicating  that  about  86%  of  arsenic  is  electrically  active. 
Channeling  measurements  indicate  that  12%  of  the  implanted 
arsenic  is  in  off-lattice  sites.  The  measured  mobility  displays  the 
same  dependence  on  dopant  concentration  as  found  in  bulk 
diffused  silicon  (9).  The  mobility  is  not  degraded  by  defects  as 

previously  observed  in  As  + -implanted -e-beam,  annealed  silicon 
where  reduced  mobilities  were  found  at  depths  of  300  and  1200 
A  (2). 
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FIGURE  4.  Electron  con¬ 
centration  and  mobility  for 
As  +  -implanted  SEM-annealed 
silicon. 
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FIGURE  5.  TEM  micro-graphs  for  As+  -implanted  (100  keV, 
1.1  x  1015  cm'2)  SEM-annealed  silicon:  (a)  bright-field  image 

and  (b)  weak-beam  dark-field  image  (g,  3g,  s  +  conditions)  and 
electron  diffraction  pattern  with  spot  sequence  000  (large  spot), 
220,  440,  and  660. 


In  Fig.  5  are  shown  TEM  micrographs  for  an  As + -implanted 
SEM-annea led  layer.  The  bright-field  micrograph  in  Fig.  5(a) 
reveals  the  presence  of  dislocation  loops  in  the  recrystallized 
layer.  In  the  lower  right-hand  quadrant,  dislocation  loops  appear 
aligned  with  the  direction  of  the  scanned  electron  beam,  which  in 
this  case  is  the  [220]  direction.  The  same  region  of  the  specimen 
is  shown  under  weak-beam  dark-field  conditions  in  Fig.  5(b).  The 
largest  loops  are  <200  A  in  diameter,  and  the  estimated  areal 

density  of  dislocation  loops  is  101®  cm‘2,  which  is  significantly 
lower  than  that  obtained  with  the  e-beam  welder  (2).  The  insert 
in  Fig.  5(b)  shows  the  electron-diffraction  conditions  for  the  dark- 
field  image;  the  sharpness  of  the  Kikuchi  line  further  confirms  the 
high  degree  of  crystallinity  of  the  SEM-anneated  layer. 

The  small  spot  size  of  <10  ^m  diameter  achievable  in  the 
SEM,  as  compared  to  ~200  fim  for  the  e-beam  welder  (2), 
appears  to  contribute  to  a  more  complete  annealing  of  implanted 
amorphous  layers  on  silicon  with  the  attainment  of  high 
substitutionality  and  low  residual-  damage  as  revealed  by  RBS 
and  TEM. 
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We  demonstrate  that  cm  laser  annealing  can  activate 
Implanted  As„in  excess  of  l  x  1021  cm*3.  Concentrations 
above  3  x  102u  cm*’  are,  however,  metastable  and  relax  to 
3  x  1020  cm*3  or  less  during  thermal  annealing.  The  value 
to  which  the  active  concentration  reduces  depends  solely  on 
the  furnace  annealing  temperature.  The  solubility  of  As  In 
SI  as  a  single,  noncomplexed  dopant  Is  determined  by  laser 
annealing  a  metastable  concentration  and  subjecting  It  to 
thermal  equilibrium  annealing  at  temperatures  ranging  from 
700 °C  to  1000°C.  MeV  Ion  channeling  measurements  show  that, 
while  the  As  activation  Is  decreasing  due  to  thermal  treatment, 
little  change  takes  place  in  the  amount  of  nonsubstitutional 
As-atoms.  This  suggests  that  the  deactivation  mechanism  is  a 
formation  of  complexes,  which  cause  the  As  atoms  to  move  off 
lattice  sites  only  slightly.  The  rate  of  deactivation  is 
thermally  activated  with  an  activation  energy  of  2.0  eV. 


Introduction 

The  solubility  of  As  in  Si  has  raised  many  questions,  since  there 
Is  a  disagreement  between  published  solubility  data  and  the  maximum 
active  concentration  obtainable  In  practice.  The  solubility  of  As  was 
originally  published  by  Trumbore  In  1960  (1),  and  it  is  2  x  2021  cm-3 
at  around  1000OC.  On  the  other  hand,  the  maximum  active  concentration 
which  can  be  achieved  by  diffusion  or  thermal  annealing  of  ion  Implanta¬ 
tion  Is  only  3  x  10^0  cm*3  (2). 

It  has  been  shown  that,  with  scanning  cw  laser  annealing,  it  is 
possible  to  activate  As  concentrations  In  excess  of  lO31  cm*3  (3,4). 

But  it  turns  out  that  doping  concentrations  above  3  x  10^0  cm-3  are 
metastable:  a  subsequent  thermal  annealing  causes  these  concentrations 
to  relax  to  3  x  10zo  cm*3  or  less  (4).  The  value  to  which  the  active 
concentration  relaxes  depends  solely  on  the  thermal  annealing  temperature. 
Thus  it  is  possible  to  determine  the  solubility  of  As  by  implanting  and 
laser  annealing  a  metastable  concentration  and  letting  it  relax  to 
equilibrium  using  thermal  annealing. 

‘Present  address:  Centro  Atomico,  8400  Bariloche  -  R.N.,  Argentina 
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Before  going  to  experimental  results,  we  would  like  to  stress 
that  by  solubility  we  mean  the  maximum  concentration  of  As  as  a  single, 
noncomplexed  substitutional  dopant.  This  paper  does  not  aim  to  answer 
the  question  as  to  whether  there  is  another  solubility  which  would  be 
higher  than  the  above  defined  one  and  could  be  referred  to  as  the 
chemical  solubility. 

1 .  Sample  Preparation 

Arsenic  was  implanted  at  0°C  into  (100)  10-20  Q-cm  p-type  wafers. 

The  ion  energy  was  100  keV  and  the  dose  7.3  x  10^  cm*‘. 

Laser  annealing  was  performed  using  our  scanning  cw  laser  system 
(5)  with  a  250  mm  focal  length  lens  and  a  scanning  speed  of  7  cm/s. 

The  overlapping  between  adjacent  lines  was  very  substantial,  about  801, 
to  assure  a  homogeneous  annealing.  Unless  otherwise  specified,  the 
annealing  power  was  861  of  the  power  required  to  melt  the  Si  surface. 

This  results  in  a  calculated  (6)  annealing  temperature  of  1200°C. 

Thermal  annealing  was  carried  out  in  flowing  nitrogen.  The 
furnace  boat  was  of  light  construction  and  supported  the  sample  at 
edges  only  so  as  to  assure  a  quick  heating  and  cooling  of  the  sample 
when  pushed  in  and  pulled  from  the  furnace. 

2.  Electrical  Measurements:  Cec 

We  used  Van  der  Pauw  measurements  combined  with  anodic  sectioning 
to  obtain  the  electron  concentration  and  mobility  vs.  depth.  The  results 
from  thfese  measurements  are  given  in  Fig.- 1 .  Also  plotted  in  this 
figure  is  the  calculated  LSS  profile  for  the  as-implanted  As  as  well  as 
the  Irvin  mobility  which  is  expected  if  the  as-implanted  profile  is 
electrically  active. 

Laser  annealing  only  produces  practically  complete  activation  of 
the  implanted  As:  the  dose  integrated  from  the  points  given  in  Fig.  2 
is  6.94  x  lo'S  cm"’.  The  fit  with  the  LSS-profile  is  excellent.  Also, 
the  measured  mobility  agrees  very  well  with  the  Irvin  mobility. 

We  studied  the  effect  of  laser  annealing  power  on  the  activation 
and  found  that  the  activation  was  complete  even  at  a  power  which  was 
75%  of  the  melting  power,  corresponding  to  an  annealing  temperature  of 
1050°C.  Below  this,  unannealed  areas  were  visible  on  the  sample.  This 
indicates  that  solid  phase  epitaxy,  which  is  the  mechanism  of  cw  annealing 
(7),  brings  all  the  dopants  to  substitutional  sites  independently  of  the 
annealing  temperature,  providing  that  the  annealing  time  and  temperature 
are  sufficient  to  regrow  the  entire  implanted  layer. 

Thermal  annealing  at  900°C  of  the  laser  annealed  sample  causes  a 
dramatic  drop  in  the  electron  concentration  (Fig.  1).  After  thermal 
annealing  the  maximum  concentration  is  2.7  x  10*0  cm_3.  No  annroeiable 


No  appreciable 


diffusion  has  taken  place  during  thermal  annealing,  indicating  that 
the  decrease  in  the  maximum  electron  concentration  is  really  due  to 


deactivation  of  dopants  rather  than  just  broadening  of  the  profile.  It 
is  also  interesting  to  notice  that  while  the  concentration  decreases, 
the  mobility  (also  shown  in  Fig.  1)  increases  to  a  value  which  corresponds 
exactly  to  Irvin  mobility  at  that  lower  concentration.  This  shows  that 
the  inactive  As  does  not  act  as  scattering  centers. 

When  the  laser  annealed  sample  was  thermally  annealed  at  1000°C 
for  6  min,  the  equilibrium  electron  concentration  was  slightly  higher, 
namely  3.0  x  10^0  cm*3.  Some  diffusion  is  also  observed  here.  We 
noticed,  however,  that  the  maximum  concentration  stays  constant  while 
diffusion  takes  place.  This  means  that  the  nonactive  As  is  activated 
again  when  diffusion  tends  to  lower  the  maximum  concentration.  This 
also  suggests  that  the  amount  of  nonactive  As  in  the  ^ttice  does  not 
affect  the  maximum  active  concentration  at  a  given  temperature. 

Furthermore,  we  have  seen  that  at  1000°C  the  concentration  de¬ 
creases  to  3  x  10*0  cm-3  independently  of  how  much  the  metastable 
concentration  exceeded  that  value.  And.  if  the  laser  annealed  concen¬ 
tration  was  even  slightly  below  3  x  10^0  cm"3,  no  deactivation  was 
observed  at  1000°C.  That  is  why  the  solubility  determined  in  this 
fashion  is  a  true  solubility  according  to  the  earlier  definition. 

We  have  also  laser  annealed  a  second  time  a  sample  which  was  pre¬ 
viously  laser  and  thermally  annealed.  The  concentration,  as  shown  in 
Fig.  1,  increased  to  6  x  103(3  cm-3,  an{)  the  mobility  decreased  corres¬ 
pondingly.  The  calculated  (6)  laser  annealing  temperature  was  1200°C, 
suggesting  that  the  solubility  at  1200°C  might  he  at  least  6  x  10?°  cm*3. 


The  summary  of  solubility  measurements  is  shown  in  Fig.  2.  We 
can  see  that  above  1000°C  there  is  no  increase  in  the  measured  equilibrium 
concentration.  The  reason  is  that  at  those  temperatures  the  deactivation 
rate  is  so  high  that  significant  deactivation  takes  place  during  the 
cooling  down  after  the  sample  is  pulled  from  the  furnace.  That  is  why 
the  point  at  1100°C  does  not  represent  solid  solubility;  it  demonstrates, 
however,  that  3  x  10^^  cm"3  is  the  maximum  active  concentration  obtainable 
by  diffusion,  even  at  temperatures  above  1000°C. 

The  point  given  at  1000°C  might  also  be  slightly  too  low  for  the 
above-mentioned  reason.  At  900°C  and  below  the  deactivation  is  slow 
enough  to  prevent  any  appreciable  deactivation  during  the  cooling  down, 
which  was  observed  to  take  place  in  a  couple  of  seconds  (the  observation 
was  based  on  the  glowing  of  the  sample). 

The  solubility  value  at  1200°C  was  taken  from  the  laser  ♦  thermal 
+  laser  annealing  experiment.  It  is  subject  to  considerable  uncertainty; 
however,  it  seems  to  fit  the  other  data  fairly  well. 

For  comparison,  the  solubility  data  given  by  Trumbore  (1)  is  also 
given  in  Fig.  2.  We  have  included  both  the  original  measurement  points 
and  the  interpolated  and  extrapolated  curve  found  in  the  original  paper 


(1)  and  most  manuals  and  textbooks. 

Ue  can  see  that  extrapolation  of  our  data  above  1200°C  leads  to 
values  which  are  not  very  far  from  Trumbore's  measurement  points.  Tho 
points  might  thus  be  quite  good.  However,  Trumbore’s  extrapolation  to 
lower  temperatures  has  resulted  in  solubility  values  which  are  substan 
tially  higher  than  the  maximum  equilibrium  electron  concentrations. 

3.  Channeling  Measurements.  TEM 


Figure  3  gives  the  results  from  2.2  MeV  4He*  channeling  measure¬ 
ments  performed  on  laser  and  laser  ♦  thermally  annealed  samples.  Table  1 
summarizes  the  values  for  minimum  yield  and  nonsubstitutional  As  frac¬ 
tions.  The  measured  values  for  electrically  inactive  fractions  of  As 
are  also  given  in  Table  I.  The  TEM  micrographs  are  given  in  Fig.  4. 

After  laser  annealing,  practically  all  the  As  is  on  substitutional 
sites,  but  there  is  substantial  damage  left:  channeling  minimum  yield 
is  as  high  as  13. 8%,  and  TEM  shows  a  fair  number  of  dislocation  loops. 

The  channeling  shows  that  there  is  a  damage  peak  at  the  surface.  TEM 
showed  the  same  fact:  removal  of  a  thin  (200  A)  Si  layer  by  anodization 
decreased  clearly  the  damage  density. 

Channeling  of  the  sample  after  900<>C  thermal  annealing  shows 
that,  while  a  major  portion  (715)  of  the  As  becomes  electrically 
inactive  during  the  thermal  treatment,  little  increase  takes  place  in 
the  nonsubstitutional  As  fraction.  This  is  in  excellent  agreement  with 
the  observations  of  W.  K.  Chu  and  B.  0.  Masters  [8].  They  show  that 
thermal  annealing  of  a  metastable  As  concentration  causes  some  As  com¬ 
plexes  to  form,  where  the  As  atoms  are  displaced  from  lattice  sites 
only  slightly.  Thus  they  are  not  easily  detectable  with  channeling 
measurements  without  angular  scan. 

Both  channeling  and  TEM  show  that  annealing  at  900°C  causes  an  in¬ 
crease  in  the  amount  of  crystal  damage.  According  to  the  channeling 
spectrum,  there  are  two  damage  maxima:  one  at  the  surface  and  near 
the  depth  of  the  peak  As-concentration. 

After  thermal  annealing  at  500°C  for  5  min.  the  amounts  of  inactive 
and  off-axis  As  are  a  lot  closer  to  each  other,  suggesting  that  gross 
precipitation  has  taken  place.  And  indeed,  TEM  micrographs  show  forma¬ 
tion  of  rod-shaped  structures  at  400#-500°C;  those  rods  might  serve  as 
precipitation  sites.  (Fig.  4  shows  a  micrograph  taken  after  400"C 
annealing,  because  it  is  more  clear.  The  structures  after  500°C  anneal¬ 
ing  are  similar,  but  their  density  is  much  higher.) 

4.  Thermal  Activation  Energy  of  the  Complex  Formation 


We  have  also  measured  the  activation  energy  of  the  As  deactivation 
process  between  350°C  and  4I0°C.  Fig.  5  gives  the  time,  which  was 
required  to  decrease  the  metastable  As  concentration  by  6%,  as  a  func¬ 
tion  of  temperature.  The  activation  energy  was  found  to  be  2.0  eV. 

Since  this  is  exactly  the  energy  required  to  form  one  vacancy  in  Si,  it 


is  likely  that  vacancies  are  part  of  the  complexes  formed  during  the 
deactivation. 


Conclusions 


We  conclude  that 

•  CW  laser  annealing  can  activate  As  in  excess  of  solubility, 
because  solid  phase  epitaxy  causes  the  dopants  to  go  on  sub¬ 
stitutional  sites  independently  of  temperature.  (Of  course, 
the  temperature  has  to  be  high  enough  to  regrow  the  entire 
implanted  layer.) 

•  Concentrations  above  3  x  10^0  cm*3  are  metastable.  The  dwell 
time  of  the  laser  spot  is  so  short  that  no  deactivation  takes 
place  during  it.  However,  subsequent  thermal  annealing  causes 
the  concentration  to  relax  to  a  value  which  depends  on  the 
annealing  temperature  only,  providing  a  method  of  measuring 
solubility  limits  (Css  according  to  the  definition  given  in 
the  introduction). 

.  The  solubility  of  As  in  Si  is  9  x  1019  cm-3  at  700°C  and 
3  x  10‘°  cm-3  at  1000°C,  the  latter  value  being  in  good  agree¬ 
ment  with  thermal  diffusion  experiments. 

.  MeV  ion  channeling  measurements  suggest  that  the  deactivation 
mechanism  at  high  temperatures  is  formation  of  complexes 
where  the  As  atoms  are  offset  only  slightly  from  their  sub¬ 
stitutional  positions.  At  lower  temperatures  (A00-500°C) 
gross  precipitation  seems  to  take  place. 

•  The  activation  energy  of  the  process  is  well-defined  at  least 
around  400°C,  and  was  found  to  be  2.0  eV.  This  suggests  that 
vacancies  are  part  of  the  complexes  formed  during  the  deacti¬ 
vation. 
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Table  I.  Minimum  yield,  Xmin>  an<*  percentage  of  non-substitutional 
and  electrically  inactive  As  in  the  samples  which  were  laser 
annealed  and  then  subjected  to  various  thermal  treatments. 

The  implantation  was  7.3  x  10'®  As/cm2  at  100  keV. 


Anneal i ng 

xmin 

Off-axis 

As* 

Electrically 
inactive  As 

Laser  only 

13.81 

7.81 

5.51 

Laser  +  16*  900#C 

20.21 

18.9* 

71.01 

Laser  +  5*  500 #C 

23.51 

30.31 

50.01 

carrier  concentration 


TEMPERATURE  (°C) 


The  solubility  of  As  in  Si  as  an  active,  substitutional,  non- 
complexed  dopant.  The  closed  circle?  are  from  the  laser  ♦ 
thermally  annealing  experiments,  and  the  cross  was  obtained  by 
laser  annealing  a  second  time  a  laser  ♦  thermally  annealed 
sample.  The  open  circles  and  the  dotted  line  are  the  data 
given  in  Ref.  1 . 


Metastable 75 As  concentrations  formed  by  scanned  cw  e-beam  annealing  of 
7SAs-implanted  silicon 
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The  incorporation  of  75 As  into  substitutional  lattice  sites  in  silicon  in  excess  of  1021  cm  '  is 
reported.  This  has  been  accomplished  by  both  a  scanned  cw  e-beam  and  a  scanned  cw  laser 
operating  with  dwell  times  in  the  range  of  milliseconds.  Both  electron  concentration  (using 
differential  van  der  Pauw)  and  atom  location  measurements  (using  MeV  ion  channeling)  are 
reported.  Standard  thermal  processing  indicates  that  these  layers  are  metastable. 

PACS  numbers:  61.70.Tm,  71.55.Fr,  72.80.Ey,  81.40.Ef 


The  formation  of  metastable  layers  by  the  use  of  Q- 
switched  lasers  has  been  reported  recently. 1  Of  particular 
interest  is  the  possibility  of  incorporating  impurities  into  the 
silicon  lattice  at  levels  above  their  published  solubilities. 
Further  annealing  of  these  layers  by  conventional  means  re¬ 
duces  the  incorporated  impurity  to  thermal  equilibrium  val¬ 
ues,  hence  the  term  “metastable”.  It  is  generally  accepted 
that  the  time  constants  involved  in  the  ^-switched  annealing 
case  are  short  enough  (~  100  nsec)  so  that  a  nonthermal 
equilibrium  situation  exists,  and  the  solubility  of  the  impuri¬ 
ty  in  the  molten  layer  exists  in  the  solid  after  cooling.2 

The  purpose  of  this  work  was  to  explore  more  fully  the 
time  constants  of  the  kinetics  governing  the  formation  of 
metastable  layers  in  silicon.  To  this  end  we  have  used  im¬ 
planted  arsenic  layers  in  silicon  as  they  allow  both  ion  chan¬ 
neling  and  electrical  measurements  to  be  easily  performed, 
and  a  scanned  cw  e-beam  and  laser  to  obtain  time  constants 
on  the  order  of  milliseconds. 

Implantation  of  10  16  75  As/cm 2  at  100  keV  into  <  100> 
10-2Q-.fi  cm  p-type  Si  held  near  -100  or  0  *C  was  used  to 
create  thin  (~  1000  A)  amorphous  layers.  Both  a  scanned  cw 
argon  laser 3  and  a  scanned  e-beam  4  were  used  to  anneal 
these  layers.  The  important  parameters  were,  for  the  cw  la¬ 
ser,  a  substrate  temperature  of 350  *C  and  a  laser  beam  ener¬ 
gy  of  6.4  W,  resulting  in  a  corrected  (reflection  coefficient) 
power/radius  value  of  P/r  =  0. 17  W//xm.  For  the  e-beam 
anneal,  the  substrate  temperature  was  ~  SO  *C  and  the  beam 
energy  was  14.0  W  (31  kV  at  0.45  mA),  resulting  in  a 
P/r  —  0. 14  W/pm.  For  both  annealing  techniques,  electrical 
and/or  mechanical  scanning  were  used  to  provide  uniform 
coverage  of  large  areas.  A  differential  van  der  Pauw  tech¬ 
nique  3  was  used  to  examine  both  electrical  activity  and  mo¬ 
bility,  while  MeV  4He-ion  channeling  measurements  6  were 
used  to  analyze  the  lattice  location  of  the  implanted  73  As 
and  residual  damage  effects  within  the  annealed  crystal. 

We  have  used  MeV  4He-ion  backscattering  and  chan¬ 
neling  effect  measurements  to  investigate  both  the  impurity 
lattice  site  location  and  crystal  quality  of  the  annealed  amor¬ 
phous  layers.  In  Fig.  1  we  show  data  taken  using  a  2.2-MeV 
4He  analyzing  beam  on:  (a)  as-implanted  10 16  As/cm 2  and 
10 16  and  10 13  As/cm 2  implanted  and  e-beam-annealed  lay¬ 
ers,  respectively,  (b)  both  laser  and  thermal  annealed  sam- 
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pies  implanted  to  10 16  As/cm 2.  It  can  be  seen  that  these 
aligned  yields,  which  vary  from  5  to  11%,  for  the  various 
implant  and  anneal  cases  are  above  that  expected  for  a  virgin 
Si  crystal  (approximately  4%).  The  exact  values  are  listed  in 
Table  I,  with  the  values  for  10 13  As/cm 2  in  parentheses. 
However,  the  following  trend  is  clear:  a  high  75 As  dose  re¬ 
sults  in  the  highest  minimum  yield  (^min );  the  annealing  or¬ 
der  for  a  given  dose  is  beam  anneal  then  thermal  for  descend- 
ing^mm  ■  The  thermal  anneals  were  performed  to  ascertain 
whether  or  not  the  high  residual  disorder  (residual  disorder 
oc  Tmin  )  observed  for  the  10  l6-As/cm 2  implants  were  an 
artifact  of  the  e-beam  or  laser  anneals.  The  surface  peak  ob¬ 
served  in  all  of  these  aligned  spectra  is  on  the  order  of  a  few 
hundred  angstroms  thick  and  has  been  reported  to  be  caused 
by  “knock-on”  oxygen  and  carbon  caused  by  the  high-dose 
implant  preventing  recrystallization  of  this  thin  amorphous 
region. 7 

Comparison  of  the  aligned  73As  yield  obtained  after 
annealing  with  that  obtained  for  the  unannealed  amorphous 
layer  results  in  information  related  to  the  percentage  of 73  As 
atoms  placed  on  subsitutional  lattice  sites  for  a  given  anneal 
process.  After  correction  for  variation  in  the  minimum  yield 
for  the  various  processes  it  can  be  seen  that  all  three  proce- 


FIG  I  2.2-MeV  4Me  baekscattering  anil  channeling  results  for  (a)  e-beam 
annealed  As  implanted  Si  and  (b)  laser-  and  Ihermal-annealed  As-implant¬ 
ed  Si 
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TABLE  I.  Experimental  parameters  and  measured  results  for  e-beam-,  laser-  and  thermally  annealed  Si  samples. 


Implants 

10 16  As'/cm 2,  100  keV 
(1.2x10'*) 

cw  laser 
annealing 

cw  ;;-beam 
annealing 

Thermal  annealing 

550 ‘C,  30  min 

+  1 000  *C,  2  min  +1000  *C.  30  min 

P/r( W//i) 

0.17 

0.14 

Substrate  Temp.  (*C) 

350 

~50 

Scanning  speed  (cm/sec) 

12.5 

2.5 

Annealing  ambient 

Atmospheric 

- 10  4  Tort 

n2  n2 

Xn,„  (Si)  (%) 

11.0 

11.0(3.9) 

5.9  5.2 

,5As  off  axis  (<  100>  channeling)  (%) 

22 

21(13) 

19  24 

15 As  inactive 

20 

28 

63  , 

(Difference  between 
backscattering  and  (%) 

Van  der  Pauw 
measurements) 

Maximum  earner  concentration  (cm  ~  ’) 

1.13X  102' 

1.07X102' 

/ 

/ 

4.1X10 20 

dures  result  in  approximately  75-80%  substitutionality. 
These  results  are  supported  by  the  electrical  measurements 
for  all  but  the  575  *C  thermal  annealed  case.  Here,  the  num¬ 
ber  of  atoms  off  axis  and  the  electrically  inactive  differ  by  a 
factor  of  about  2.  This  effect  is  believed  due  to  As  pairing s 
and  will  be  discussed  further  later  in  this  caper. 

As  expected  for  both  the  cw  e-beam-  and  laser-annealed 
layers  the  measured  impurity  concentration  (as  inferred 
from  the  electron  concentration)  closely  matches  the  calcu¬ 
lated  one  (see  Fig.  2).  The  more  interesting  aspect  of  this  data 
is  that  the  maximum  electron  concentration  exceeds  10 21 
cm  “ 3  for  both  the  e-beam-  and  laser-annealed  cases.  This 
concentration  is  significantly  higher  than  that  measured  on 
thermally  annealed  samples;  for  example,  on  an  identically 
prepared  sample  annealed  at  550  °C  for  30  min  followed  by  a 
2-min  anneal  at  1000  °C  (to  minimize  diffusion  effects)  a 
peak  electron  concentration  of 4  x  10 20  cm  ~ 3  was  ob¬ 
served.  Longer  anneal  times  at  1000  °C  result  in  only  broad¬ 
ening  of  the  75 As  profile  with  the  peak  electron  concentra¬ 
tion  remaining  at  or  below  4  x  10 20  cm  " 3. 


FIG.  2.  Electron  concentration  and  mobility  versus  depth  for  e-beam-,  la- 
ser-  and  thermal-annealed  samples. 
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Also  shown  in  Fig.  2  is  the  measured  electron  mobility 
as  a  function  of  depth  in  the  annealed  layer.  Excellent  agree¬ 
ment  is  observed  between  this  mobility  and  that  calculated 
from  Irwin 9  using  our  measured  electron  concentration  at 
all  points  (except  those  within  300  A  of  the  surface  and  at  a 
depth  of  about  1200  A).  Since  channeling  effect  measure¬ 
ments  show  a  region  of  high  damage  near  the  surface  and  a 
small  buried  peak,  one  would  expect  to  measure  a  mobility 
lower  than  theoretical,  as  is  observed  in  Fig.  2  in  these  re¬ 
gions.  It  has  been  reported  that  thermally  stable  defects  are 
generated  in  <100>  ion-implanted  Si  near  Rp  +  ARp  if  the 
sample  is  not  held  below  room  temperature  during  the  im¬ 
plant.  ,n  This  is  a  possible  cause  for  the  lower  mobility  ob¬ 
served  near  1200  A. 

We  have  presented  evidence  that  scanned  cw  e-beam 
and  laser  annealing  can  produce  metastable  electrically  ac¬ 
tive  layers  with  higher  electron  concentrations  than  can  be 
obtained  by  standard  thermal  annealing.  Both  MeV  ion 
channeling  and  differential  resistivity  and  van  der  Pauw 
measurements  have  been  used  to  measure  the  percent  electri¬ 
cally  active  and  on  lattice  sites  after  e-beam,  laser,  and  ther¬ 
mal  annealing.  Electron  concentrations  in  excess  of  10 21 
cm  “ 3  have  been  found  for  75 As-implanted  Si  layers.  Excel¬ 
lent  agreement  between  the  number  of  off-axis  75As  atoms 
and  missing  electrons  has  been  obtained.  Mobilities  agree 
with  calculated  values  within  the  annealed  layer.  Since  arse¬ 
nic  is  thought  to  form  a  As*  —  V  =  —  As*  complex  in  silicon 
at  high  concentrations,  *  we  speculate  that  the  time  of  forma¬ 
tion  of  this  complex  is  greater  than  the  time  constants  of  the 
e-beam  laser-annealing  process  (order  of  milliseconds).  This 
is  supported  by  thermal  annealing  data  for  annealing  times 
around  1  min. 
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Rapid  thermal  annealing  (4  min  at  560  *C)  of  implanted  As  in  Si  can  electrically  activate 
concentrations  up  to  5  X  1020  cm-3,  which  exceeds  the  solubility  at  that  temperature.  Prolonged 
thermal  annealing  at  the  same  temperature  causes  deactivation  of  such  metastable 
concentrations.  The  results  suggest  that  when  the  amorphous-crystalline  interface  is  moving 
during  solid  phase  epitaxial  regrowth,  dopants  go  to  substitutional  sites  even  in  concentrations 
exceeding  solubility.  If  solubility  is  exceeded,  deactivation  takes  place  after  the  material  has 
recrystallized. 

PACS  numbers:  61.70.Tm 


INTRODUCTION 

It  has  recently  been  shown  that  cw  laser  or  electron 
beam  annealing  of  ion-implanted  As  in  Si  can  lead  to  dopant 
concentrations  in  excess  of  solid  solubility,  thus  creating  a 
thermally  unstable  concentration  ,'~3  A  similar  effect  has 
been  observed  for  thermally  annealed  implanted  In  in  Si.4 

In  this  paper  we  show  that  the  equilibrium  solubility 
can  be  exceeded  also  with  thermal  annealing  of  ion-implant¬ 
ed  As  in  Si.  The  annealing  time  has  to  be  so  chosen  that  the 
amorphized  layer  can  just  regrow,  but  no  time  is  available 
for  subsequent  deactivation  of  dopants. 

EXPERIMENTAL 

The  samples  were  cut  from  30 /2-cmp-type  <100>  Si. 
The 75 As  implantation  was  done  at  150  keV  to  a  dose  of 
6.2x  10'5  cm-2,  keeping  the  samples  at  0  *C  in  order  to 
avoid  self-annealing. 

The  short-time  thermal  anneals  (up  to  10  min)  were  per¬ 
formed  by  placing  the  samples  onto  a  heatable  brass  vacuum 
chuck,  which  was  held  at  a  constant  temperature,  560  *C.  A 
simple  calculation5  shows  that  once  the  sample  is  brought  to 
contact  with  brass  it  reaches  the  chuck  temperature  in  less 
than  a  second.  Similarly,  the  sample  cools  down  practically 
instantaneously  after  it  has  been  removed  from  the  chuck. 


Thermal  anneals  for  more  that  10  min  were  done  in  a  furnace 
in  flowing  nitrogen. 

After  annealing  the  samples  for  different  times  we  stud¬ 
ied  the  results  by  Van  der  Pauw6  and  MeV-ion  channeling 
measurements.7  The  Van  der  Pauw  measurements  were  per¬ 
formed  in  two  ways.  All  samples  were  measured  at  the  sur¬ 
face  only,  without  depth  profiling.  This  sheet  measurement 
gives  the  true  sheet  resistivity  Rs,  an  estimate  Ns  of  the  sheet 
concentration,  and  a  weighed  average  mobility  p  for  the 
doped  layer.6  For  a  few  samples  we  also  performed  differen¬ 
tial  Van  der  Pauw  measurements  to  -Otain  the  electron  con¬ 
centration  and  mobility  as  a  function  of  depth,  as  well  as  a 
more  exact  value  for  the  active  dose.  The  sectioning  was 
done  by  anodic  oxidation8  and  stripping.  The  oxide  thick¬ 
ness,  which  was  measured  by  an  ellipsometer,  was  about  450 
A  at  each  step.  The  Si:Si02  thickness  ratio  has  been  mea¬ 
sured  to  be  0.56  for  our  system  at  this  thickness.9 

The  channeling  measurements  were  done  using  2.2 
MeV  4He+  particles  to  a  total  charge  of  40  fiC. 

RESULTS 

The  sheet  Van  der  Pauw  measurements  (see  Table  I  and 
Fig.  1  for  results)  show  that  the  best  activation  is  obtained 
with  a  4  min  annealing.  Van  der  Pauw  stripping  (see  Fig.  2) 


TABLE  I.  Results  from  differential  and  sheet  Van  der  Pauw  measurements  for  samples  annealed  at  560  *C.  The  sheet  concentration  J V, ,  sheet  resistivity  R, , 
and  average  mobility  fi,  were  obtained  by  measuring  the  entire  implanted  layer  without  stripping.  The  active  dose  is  measured  by  the  differential  Van  der 
Pauw  method.  The  implanted  dose  was  6.2  x  10”  As/cm2  at  150  keV. 


Anneal 

time 

N, 

(I/cm2) 

*, 

(47/0) 

P 

(cm2/Vs) 

Active  dose 
(I /cm2)* 

Active 

As-fraction 

J  min 

4.4  x  10” 

32 

44 

79% h 

4  min 

4.5x10” 

31 

46 

5.0x10” 

81% 

8  min 

4.0  X 10” 

33 

48 

71%  ” 

40  min 

3.4x10” 

35 

54 

3.8X10” 

61% 

15.5  h 

2.2x10” 

40 

70 

39%" 

*  Integrated  from  differential  Van  der  Pauw  measurements.  ^ 

‘Calculated  assuming  that  total  active  dose  is  1  1%  higher  than  JV, .  as  it  is  in  those  cases  where  stripping  was  performed. 
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FIG.  1.  Evolution  of  sheet  carrier  concentration  A',  of  samples  annealed  at 
560  *C 


reveals,  however,  that  there  is  still  19%  of  inactive  As;  and 
the  maximum  active  concentration  is  only  5  X 1020  cm-3,  as 
opposed  to  the  maximum  of 9  X 1020  cm  -  3  in  the  as-implant- 
ed  profile. 

Channeling  measurements  {see  Table  II  and  Fig.  3) 
show  that  the  sample  is  still  partly  amorphous  after  2  min 
annealing,  whereas  4  min  is  enough  to  completely  regrow  the 
amorphous  layer.  However,  a  relatively  high  density  of  dam¬ 
age  is  left  at  the  sample  surface.  The  observed  regrowth  rate 
is  consistent  with  the  data  given  by  Csepregi  et  al. 10:  the 
thickness  of  the  amorphous  layer  is  20S0  A  (measured  with 
channeling),  which  would  regrow  in  about  13  min  at  360  *C 
if  the  material  were  undoped.  The  doping  reduces  the  total 
regrowth  time  of  the  entire  layer  by  a  factor  of  up  to  4,  de¬ 
pending  on  the  dose. 

The  maximum  concentration,  5  X 1 020  cm  ~ 3,  achieved 
with  a  4  min  annealing  exceeds  the  solubilities  given  in  Ref.  3 
(9x  1019  cm- 3  at  700  °C),  so  we  would  expect  a  prolonged 
annealing  at  360  *C  to  cause  deactivation  of  dopants.  And 
indeed,  Table  I  and  Fig.  1  show  that  after  8  min  the  sheet 
concentration  has  already  decreased  about  10%  from  the 
maximum  value.  Continued  annealing  for  up  to  15.5  h  pro¬ 
duces  a  monotonic  decrease  in  the  sheet  concentration,  as  is 
shown  in  Fig.  1  and  Table  I.  After  1 5.5  h  the  sheet  concentra¬ 
tion  was  only  2.2  X 1013  cm-2,  or  50%  of  the  maximum  val¬ 
ue.  We  stopped  annealing  at  this  point,  since  there  was  still 
no  sign  of  an  approach  to  saturation. 

To  confirm  that  the  decrease  in  sheet  concentration 
really  is  due  to  deactivation  of  dopants,  we  stripped  a  sample 
annealed  for  40  min  at  560  *C.  The  results  are  given  in  Fig.  2, 
and  show  that  the  maximum  active  concentration  has  de¬ 
creased  to  3  x  1020  cm-3,  while  little  diffusion  has  taken 


FIG.  2.  Results  from  differential  Van  der  Pauw  measurements  for  samples 
annealed  at  560  *C.  The  solid  lines  represent  the  calculated  LSS-profile  of 
the  implantantion  (6.2  X  1015  As/cm2,  150  keV)  and  the  Irvin-mobility  of 
that  profile,  assuming  complete  activation. 


place.  The  amount  of  active  As  is  3.8  X 1015  cm-2  for  this 
sample,  which  is  61%  of  the  implanted  dose. 

Since  the  deactivation  rate  of  As  is  initially  so  fast  and 
decays  with  time,  we  believe  that  all  As  is  at  first  activated 
during  the  regrowth.  However  by  the  time  the  entire  layer 
has  recrystallized,  the  dopants  located  deeper  in  the  sample 
will  have  had  ample  time  to  start  relaxing  from  the  metasta¬ 
ble  state,  resulting  in  incomplete  activation  even  in  the  opti¬ 
mum  case.  Note  that  after  the  optimum  annealing  (4  min)  the 
maximum  electron  concentration  is  closer  to  the  surface 
than  the  peak  of  implanted  distribution  (see  Fig.  2).  This  is 
consistent  with  the  above  hypothesis. 

Finally,  we  performed  channeling  on  a  sample  which 
was  annealed  for  40  min  at  560  *C.  We  see  in  Fig.  3  and  Table 
II  that  the  amount  of  nonsubstitutional  As  has  increased, 
compared  to  the  case  of  4  min  annealing,  along  with  electri¬ 
cal  deactivation.  In  both  cases  the  electrically  inactive  frac¬ 
tion  is  about  a  quarter  larger  than  the  non-substitutional 
fraction.  This  would  suggest  that  part  of  the  inactive  As  is 
incorporated  in  complexes,  where  the  displacement  of  As- 


TABLE II.  Results  from  MeV-ion  channeling  measurements  for  samples  annealed  at  560  *C.  The  calculated  fractions  of  nonsubstitutional  As  are  subject  to 
some  error  due  to  higher  ^m,n  values.  For  comparison,  we  also  give  the  fractions  of  electrically  inactive  As. 


Anneal 

time 

Surface  peak 

To 

minimum  yield 

Xmtn 

nonsubstitutional 

As 

electrically 
inactive  As 

2  min 

Still  partially  amorphous 

4  min 

40% 

10% 

15% 

19% 

40  min 

22% 

8.7% 

30% 

39% 
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FIG.  3.  Channeling  spectra  of  as-implanted  and  annealed  samples.  The 
implantation  dose  (6.2  x  1015  cm  ~ 2)  and  thickness  of  amorphous  layer  (2050 
A)  were  calculated  from  the  as-implanted  spectrum. 

atoms  off-lattice  site  is  too  small  to  be  seen  with  regular 
channeling  techniques.3,1 1 

CONCLUSIONS 

The  above  results  show  that  even  thermal,  often  called 
“equilibrium",  annealing  of  implanted  As  in  Si  can  produce 
active  concentrations  well  above  the  equilibrium  solubility 
characteristic  of  the  annealing  temperature.  To  achieve  this, 
the  annealing  time  and  temperature  have  to  be  so  chosen  that 
the  amorphous  layer  can  just  regrow,  but  no  time  is  available 
for  deactivation.  In  practice,  this  requires  annealing  below 
600  *C,  which  in  turn  results  in  substantial  crystal  damage 
being  left  at  the  sample  surface.  The  concentrations  exceed¬ 
ing  solubility  are  of  course  thermally  unstable. 

The  present  results,  and  those  given  in  Refs.  1-4,  sug¬ 


gest  that  when  the  amorphous-crystalline  interface  is  mov¬ 
ing  in  solid  phase  epitaxy,  the  impurity  atoms  go  on  substitu¬ 
tional  sites  even  in  concentrations  exceeding  the  equilibrium 
solubility.  The  deactivation  starts  after  the  material  has  crys¬ 
tallized,  if  solubility  was  exceeded.  This  is  analogous  to  the 
observed  increase  in  solid-liquid  segregation  coefficient  of 
impurities  in  liquid  phase  annealing  by  pulsed  lasers.12  In 
both  cases,  there  is  a  moving  crystal  front,  at  which  the  do¬ 
pants  seem  to  prefer  occupying  substitutional  sites  even  if  the 
equilibrium  concentration  were  exceeded. 
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The  uk  oil  continuous  scanned  Kr  test  laser  as  a  tool  for  annealinj  of  boron-implanted  silicon  is 
described.  Conditions  were  found  that  produce  high  electrical  activity  and  crystallinity  of  the  implanted 
layer  without  redistribution  of  the  boron  from  the  as-implanted  profile. 


PACS  numbers:  79.20.Da,  Sl.40.Et;  42.60.  -v,  61.70. -r 

Recent  work  at  a  number  of  laboratories1'*  has  shown 
that  ion-implanted  Si  and  GaAs  can  be  annealed  by  ex¬ 
posing  the  implanted  region  to  laser  radiation  of  appro¬ 
priate  energy  and  waveiength.  Annealing  has  been  ac¬ 
complished  using  both  pulsed  and  cw  lasers  with  gener¬ 
ally  similar  results.  In  particular,  high-quality  epi¬ 
taxial  recrystallization  of  the  implanted  material  on 
the  underlying  substrate  has  been  reported  for  both 
pulsed  and  cw  laser  annealing.  However,  studies  to 
date  with  pulsed  lasers  show  that  a  substantial  redis¬ 
tribution  of  the  implanted  dopant  occurs  during  anneal¬ 
ing,  whereas  in  the  cw  laser  annealing  experiments 
reported  by  the  present  authors  no  diffusive  redistribu¬ 
tion  of  the  implanted  dopant  was  observed. 

In  view  of  the  potential  importance  of  diffusion-free 
annealing  for  the  fabrication  of  fine  geometry  devices, 
we  have  undertaken  a  series  of  experiments  to  deter¬ 
mine  the  conditions  under  which  diffusion-free  laser 
annealing  can  be  obtained.  We  are  particularly  interest¬ 
ed  in  the  question  of  whether  low-dose  B  implants  into 
crystalline  Si  can  be  annealed  without  diffusion,  espe¬ 
cially  in  view  of  the  results  of  Young  et  al. , 1  who  obtain 
B  diffusion  to  greater  depths  with  their  laser- annealing 
conditions  than  they  obtain  under  conventional  thermal 
annealing  conditions. 

The  central  result  of  the  experiment  reported  here  is 
in  sharp  contrast  to  that  obtained  by  Young  et  al.  We 
observe  no  diffusion  during  annealing,  using  implanta¬ 
tion  conditions  that  are  identical  to  those  of  Young  et  al. 

B*  was  implanted  at  room  temperature  at  35  keV  to 
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a  dose  of  2X101*  ions/cm1  into  5—  10-ftcm  n-type  (100) 
silicon  samples.  This  dose  is  not  sufficient  to  drive 
the  silicon  amorphous  but  damages  the  surface  layer  to 
a  depth  of  “  0. 25  pm.  After  the  implantation,  the  wafer 
was  cut  into  a  set  of  5x5-mm  samples.  Several  sam¬ 
ples  were  subjected  to  a  1000  °C  30- min  thermal  anneal 
in  flowing  N}  to  provide  standards  of  comparison  for 
the  laser-annealed  samples. 

The  laser- annealed  samples  were  subjected  to  an 
annealing  sequence  similar  to  that  described  in  Ref.  1. 
The  main  difference  was  the  use  of  a  krypton  ion  laser 
manufactured  by  Coherent  Radiation  (Model  CR- 
3000K).  This  laser  was  operated  in  the  multimode  red 
region.  Its  main  power  is  in  the  6471-A  line  with  a 
weaker  line  (usually  25%  of  the  strong  line)  at  6764  A. 

Several  values  of  laser  power  and  *  scan  rate  were 
used  in  an  attempt  to  find  near- optimum  annealing  con¬ 
ditions.  Satisfactory  results  were  achieved  with  a  total 
laser  power  of  6  W  and  an  x  scan  rate  of  9. 8  cm/sec. 

The  temperature  of  the  sample,  which  proves  to  be 
critical  for  full  anneal,  was  held  at  178  °C  in  the  experi¬ 
ments  to  be  reported. 

After  annealing,  the  sheet  resistivity  of  the  samples 
was  measured  using  a  surface  spreading  resistance 
apparatus.  Figure  1  shows  the  resistance  recorded  for 
three  samples.  Samples  S1B155,  which  is  typical  of  the 
thermally  annealed  samples,  shows  a  probe-to-probe 
resistance  of  73  ft.  Sample  7S37  was  laser  annealed 
over  half  of  the  sample  and  the  probes  were  then  stepped 
across  the  annealed  boundary.  On  the  unannealed  side  the 
the  probe-to-probe  resistance  was  greater  than  20  kft ; 
in  the  annealed  area  the  probe-to-probe  resistance  was 
about  95  ft.  The  probes  were  also  advanced  across  laser 
lines  with  the  results  shown  in  Fig.  1.  The  periodic 
character  of  the  resistivity  data  shows  that  the  overlap 
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FIG.  1.  Surface  spreading  resistance  measurements  done  on 
implanted  silicon  samples  subjected  to  laser  and  thermal 
anneal. 


between  two  adjacent  lines  was  not  sufficient  to  com¬ 
plete  the  annealing  process. 

Sample  7S36  was  laser  annealed  under  the  same  con¬ 
ditions  as  7S37.  In  this  case  the  measurement  was  per¬ 
formed  along  the  scanned  lines.  We  observe  good  uni¬ 
formity  with  distance  in  contrast  with  7S37.  To  com¬ 
plete  the  study  we  measured  four  laser- annealed  sam¬ 
ples,  all  of  which  showed  resistance  in  the  range  100— 
150  n. 

To  estimate  electrical  activity  for  these  samples 
requires  a  knowledge  of  the  impurity  profiles  for  both 
cases.  These  profiles  were  obtained  by  SIMS  measure¬ 
ments  and  are  reported  below. 

A  variety  of  annealed  and  as- implanted  samples  were 
analyzed  by  a  SIMS  technique  using  O'  as  the  primary 
ion  beam.  The  results  of  these  measurements  are 
shown  in  Fig.  2.  Background  noise  has  been  subtracted 
and  the  separate  profiles  corrected  in  terms  of  the  Si 
signal  measured  for  each  sample. 

A  comparison  of  results  obtained  from  as-implanted, 
laser  anneal,  and  thermal  anneal  is  given  in  Fig.  2. 

The  vertical  axis  is  in  counts  per  frame  and  is  propor¬ 
tional  to  the  impurity  concentration  in  the  solid.  The 
horizontal  axis  is  in  sputtering  time,  which  relates  to 
depth  of  measured  ion  concentration. 

The  most  striking  result  of  this  measurement  is  that 
the  laser- annealed  impurity  distribution  is  essentially 
identical  to  the  as-implanted  distribution.  By  compari¬ 
son,  the  thermally  annealed  sample  shows  substantial 
diffusive  redistribution  of  the  boron  during  the  annealing 
cycle  (as  expected). 

The  impurity  profiles  given  in  Fig.  2  provide  the  key 
for  explaining  the  difference  in  sheet  resistance  between 
the  thermally  annealed  and  laser-annealed  samples. 

The  equation  for  the  sheet  resistance  of  a  layer  is 

ft= [ //'if  p,(x)p(x)  d*T‘  =  [£'d\xp<t)NA1)c)dxT\  (1) 
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FIG.  2.  Impurity  profiles  by  SIMS  technique  in  as-implanted, 
laser  annealed  and  thermally  annealed  Si  implanted  with  2 
x  10“  B*/cm*  at  35  keV. 


where  q' is  the  electron  charge,  />(*)  is  the  concentra¬ 
tion  of  holes,  4,(x)  is  the  hole  mobility,  and  NAM  is 
the  acceptor  concentration. 

Equation  (1)  was  numerically  integrated  with  the 
values  of  Fig.  2  after  proper  transformation  of  the 
axis.  The  calculations  predict  a  50%  increase  in  sheet 
resistance  for  th  laser- annealed  profile  compared  to 
the  thermal  profile,  due  to  the  higher  peak  concentra¬ 
tion  and  lower  carrier  mobility  in  the  laser-annealed 
samples.  This  same  result  was  obtained  experimentally 
In  Fig.  1  and  enables  us  to  conclude  that  essentially  all 
of  the  implanted  boron  is  contributing  to  the  electrical 
properties  of  the  crystal.  Stripping  measurements  con¬ 
firm  this  result. 

Transmission  electron  microscopy/diffraction  was 
used  to  examine  both  laser  scanned  and  thermally 
annealed  samples.  In  all  cases  single-crystal  (spot 
diffraction  patterns  were  obtained  after  implantation 
(no  postanneal),  thermal  annealing,  or  laser  annealing. 


FIG.  3.  Transmission  electron  micrograph  of  B-implanted 
sample  thermally  annealed  at  1000  *C  for  30  min. 
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FIG.  4.  ..ansmlssioa  electron  micrograph  of  B- Implanted 
laser-annealed  sample  at  laser  scan  boundary. 


In  Fig.  3,  we  show  a  bright- field  electron  micrograph 
of  an  implanted  sample  annealed  at  1000  °C  in  flowing 
N2  for  30  min.  In  agreement  with  previous  investiga¬ 
tions10’11  on  B-implanted  silicon  thermally  annealed 
within  this  temperature  range,  residual  defects  in  the 
form  of  dislocation  loops,  line  defects,  dipole  rem¬ 
nants,  and  dislocation  nests  are  observed  throughout 
the  implanted  region. 

For  comparison,  we  show  in  Fig.  4  a  micrograph 
obtained  on  a  sample  subjected  to  a  single  laser  line 
scan.  Negligible  or  near-zero  defect  concentration  is 
observed  throughout  the  laser-annealed  regions  of  both 
single  (nonoverlapping)  line  scans  (Fig.  2)  and  over¬ 
lapping  line  scans.  This  is  the  case  whether  observa¬ 
tions  are  made  at  the  center  of  the  the  annealed  line  or 
in  overlapping  regions  between  two  adjacent  lines  (not 
shown  in  Fig.  4).  In  all  samples  examined,  we  detected 
no  evidence  of  melting/recrystallization  or  implanted 
impurity  segregation.  Furthermore,  our  experiments 
indicate  a  complete  absence  of  rod-shaped  structures 
or  dislocation  dipoles  previously  reported1 1-14  for  con¬ 
ventional  thermal  anneals  at  temperatures  *  700  °C. 

The  absence  of  rod-shaped  structures  and  dislocation 
lines  at  the  boundary  of  a  laser  line  in  the  presence  of 
a  thermal  gradient  and  lower  effective  temperatures 
(within  the  unscanned  region)  suggests  that  rod  defects 
are  not  nucleated  in  these  experiments  even  under  sub¬ 
threshold  (lower  power)  laser-anneal  conditions. 

At  the  edge  ol  the  laser  scan  within  the  unscanned 
region  (left  portion,  Fig.  4),  the  concentration  of  dis¬ 
location  loops  is  observed  to  increase  as  a  function  of 
increasing  distance  from  the  laser  scan  boundary.  In 
addition,  the  average  loop  (image)  diameter  determined 
from  a  number  of  micrographs  decreases  from  =»  380  A 
within  the  zone  adjacent  to  the  laser  scan  line  to  =•  250 
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A  at  distances  s  8000  A  from  the  laser  scan  boundary. 
This  lateral  variation  in  defect  density  can  be  related 
to  thermal  gradients  and  differential  annealing  created 
at  the  edge  of  the  scan  line  by  the  Gaussian  beam  pro¬ 
file  while  the  increase  in  apparent  loop  diameter  at  the 
edge  zone  can  either  be  attributed  to  strain  relaxation 
at  the  peripheral  boundary  zone  or  interpreted  as  pos¬ 
sible  evidence  of  growth  of  a  smaller  number  of  sites 
that  serve  as  sinks  for  defects  during  laser  annealing. 

In  work  previously  reported  by  the  present  authors 
it  was  shown  that  Si  samples  implanted  with  5x  10u 
As/cm*  at  an  energy  of  100  keV  could  be  laser  an¬ 
nealed  to  provide  high  electrical  activity  and  essentially 
perfect  recrystallization  with  no  significant  diffusion 
of  the  implanted  species  during  annealing.  These  im¬ 
plantation  conditions  produce  an  amorphous  layer  that 
contains  essentially  all  of  the  implanted  atoms. 

The  present  results  extend  this  basic  annealing  be¬ 
havior  to  nonamorphizing  implants  into  Si.  Hence,  for 
Si  at  least,  laser  annealing  can  provide  a  technique  for 
essentially  perfect  annealing  of  implanted  material, 
where  by  “perfect”  we  imply  complete  recrystallization 
and  100%  electrical  activity  without  diffusive  redistri¬ 
bution  of  the  implanted  species. 

The  authors  would  like  to  acknowledge  the  assistance 
of  Mark  Hanesian  for  help  in  using  the  Krypton  laser; 
Carrol  Frankfurt  for  the  construction  of  the  tempera¬ 
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ful  discussion  and  samples  preparation;  and  Dr.  D.  Lee 
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Constant-capacitance  DLTS  measurement  of  defect-density 
profiles  in  semiconductors*’ 

N.  M.  Johnson  and  D.  J.  Bartelink 

Xerox  Palo  Alio  Research  Center,  Palo  Alto,  California  94304 

R.  B.  Gold  and  J.  F.  Gibbons 

Stanford  University,  Stanford,  California  94305 

(Received  26  December  1978;  accepted  for  publication  16  February  1979) 

An  analysis  is  presented  for  obtaining  spatial  depth  profiles  of  electronic  defects  in 
semiconductors  from  deep-level  spectroscopic  measurements  performed  in  the  constant- 
capacitance  mode.  Combined  with  the  double-correlation  technique  proposed  by  Lefevre 
and  Schulz,  the  new  method  offers  significant  advantages  for  measuring  defect  profiles. 

Deep-level  transient  spectroscopy  (DLTS),  performed  in  either  the  conventional 
capacitance-transient  mode  or  the  constant-capacitance  mode,  provides  the  energy  levels 
of  defect  states  in  the  semiconductor  band  gap.  The  double  correlation  DLTS  technique 
(DDLTS)  is  used  to  define  a  narrow  spatial  observation  window  for  defect  profiling. 

However,  in  the  DDLTS  analysis  of  capacitance-transient  data,  specific  approximations 
are  required  to  deal  with  the  change  with  time  of  the  semiconductor  depletion  width 
during  the  transient  response  to  a  charging  pulse.  In  the  constant-capacitance  mode,  the 
depletion  width  is  held  constant  by  dynamically  varying  the  applied  voltage  during  the 
transient  response,  thus  permitting  more  accurate  measurements  of  defect  profiles  at 
high  trap  densities.  Analytical  expressions  for  computing  the  local  trap  density  are 
derived,  and  experimental  results  are  presented  for  damage  profiles  in  self-implanted 
silicon. 

PACS  numbers:  72.20.Jv,  71.55.Fr 


I.  INTRODUCTION 

This  paper  describes  an  improved  transient-capaci¬ 
tance  technique  for  measuring  the  spatial  distribution  of 
electronic  defects  in  semiconducting  materials.  Transient- 
capacitance  spectroscopy  is  widely  used  to  measure  (1)  de¬ 
fect  energy  levels  in  a  semiconductor  forbidden  energy  band, 
(2)  effective  cross  sections  of  point  defects  for  capturing 
charge  carriers,  and  (3)  defect  densities.1  The  spectroscopic 
principle  is  based  on  two  electronic  phenomena.  The  first  is 
the  ability  to  vary  the  capacitance  of  a  semiconductor  test 
structure  with  an  applied  dc  bias.  For  example,  in  a  metal- 
semiconductor  rectifying  contact,  the  application  of  a  re¬ 
verse  bias  creates  a  surface  layer  in  the  semiconductor  which 
is  depleted  of  majority  carriers.  The  width  of  the  depletion 
layer  increases  monotonically  with  reverse  bias,  up  to  the 
point  of  electrical  breakdown.  The  depletion  layer  acts  as  the 
dielectric  of  a  parallel-plate  capacitor,  giving  rise  to  a  volt¬ 
age-dependent  capacitance.  The  other  basic  phenomenon  is 
the  capture  and  emission  of  charge  carriers  by  defect  centers. 
In  a  semiconductor  depletion  layer,  electronic  transitions 
between  localized  defect  levels  and  the  extended  states  of  the 
allowed  energy  bands  alter  the  space-charge  density.  This  in 
turn  affects  the  depletion  width  so  that  such  transitions  can 
be  detected  as  a  change  in  device  capacitance.  In  a  transient- 
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capacitance  measurement,  trapping  centers  in  a  selected  re¬ 
gion  of  the  depletion  layer  are  first  populated  with  charge 
carriers.  Then  the  capacitance  is  monitored  as  the  trapped 
charge  is  thermally  emitted  and  swept  out  of  the  depletion 
layer.  The  emission  process  is  thermally  activated  so  that  the 
rate  at  which  the  capacitance  relaxes  strongly  depends  on 
temperature.  Several  experimental  techniques  have  been  de¬ 
veloped  for  efficiently  monitoring  this  transient  response 
with  high  sensitivity.  The  basic  method  used  in  this  paper 
was  developed  by  Lang2  and  is  termed  deep-level  transient 
spectroscopy  (DLTS).  It  combines  a  capacitance  bridge  of 
high  sensitivity  and  fast  transient  response  with  signal-detec¬ 
tion  instrumentation  for  monitoring  the  capacitance  decay 
in  a  temperature  scan.  An  essential  feature  of  this  method  is 
the  implementation  of  an  emission-rate  window  for  monitor¬ 
ing  a  given  relaxation  time  as  the  temperature  is  varied.  The 
measurement  yields  trap  emission  spectra  from  which  defect 
energy  levels,  capture  cross  sections,  and  defect  densities  are 
computed.  A  modification  of  the  DLTS  technique  was  pro¬ 
posed  by  Lefevre  and  Schulz’  for  measuring  spatial  depth 
profiles  of  defect  levels.  The  technique  is  termed  double-cor¬ 
relation  DLTS  (DDLTS)  and  is  used  to  define  a  narrow  spa¬ 
tial  interval  in  a  semiconductor  depletion  layer  for  detecting 
trap  emission.  This  observation  window  can  be  translated  in 
depth  to  obtain  defect  distributions.  Both  DLTS  and 
DDLTS  are  conventionally  performed  as  capacitance-tran¬ 
sient  measurements. 

In  this  paper  we  present  the  analysis  and  results  from 
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DLTS  measurements  of  bulk  semiconductor  defects  which 
are  performed  in  the  constant-capacitance  mode.  The  tech¬ 
nique  is  termed  constant-capacitance  DLTS  (CC-DLTS) 
and  has  proved  to  be  essential  for  the  DLTS  analysis  of  inter¬ 
face  defect  levels  in  metal-insulator-semiconductor  (MIS) 
structures.*  When  combined  with  the  double-correlation 
technique,  the  new  method  offers  significant  advantages  for 
measuring  defect  profiles.  In  the  DDLTS  analysis  of  capaci¬ 
tance-transient  data,  specific  approximations  are  required  to 
deal  with  the  change  with  time  of  the  semiconductor  deple¬ 
tion  width  during  the  capacitance  decay.1  These  approxima¬ 
tions  become  inapplicable  at  high  trap  concentrations.  In  the 
constant-capacitance  mode,  the  depletion  width  is  held  con¬ 
stant  by  dynamically  varying  the  applied  voltage  during  the 
transient  response,  thus  permitting  more  accurate  DLTS 
measurements  of  defect  profiles  at  high  trap  densities.  Mea¬ 
surements  of  semiconductor  defect  levels  under  conditions 
of  constant  capacitance  have  been  reported  by  others. M  In 
the  present  study  the  constant-capacitance  technique  is  com¬ 
bined  with  DLTS  and  DDLTS  so  as  to  fully  retain  the  inher¬ 
ent  advantages  of  these  later  techniques  while  gaining  the 
additional  feature  provided  by  the  constant-capacitance 
mode  of  measurement.  The  double-correlation  CC-DLTS 
technique  is  described  in  Sec.  II,  and  the  analysis  for  obtain¬ 
ing  defect-density  profiles  is  presented  in  Sec.  III.  In  Sec.  IV 
the  new  method  is  illustrated  with  measurements  of  damage 
profiles  in  self-implanted  silicon. 

II.  EXPERIMENTAL  TECHNIQUE 

One  of  several  simple  two-terminal  devices  can  be  used 
for  transient-capacitance  measurements  on  semiconducting 
materials.  The  principal  requirement  is  the  ability  to  vary  the 
device  capacitance  with  a  dc  bias.  Current-rectifying  devices 
based  upon  either  the  Schottky-barrier  structure  (metal-se¬ 
miconductor  contact)  or  the p-n  junction  are  commonly  em¬ 
ployed,  and  the  MIS  structure  can  also  be  used.  The 
Schottky  diode  is  the  simplest  device  to  fabricate,  requiring 
only  the  deposition  of  a  metallic  rectifying  contact  onto  the 
semiconductor;  this  permits  the  maximum  flexibility  for  se¬ 
miconductor  materials  evaluation.  A  limitation  of  the 
Schottky-barrier  structure  for  DLTS  studies  arises  from  its 
being  a  majority-carrier  device:  only  defect  levels  in  the  ma¬ 
jority-carrier  half  of  the  semiconductor  band  gap  can  be  de¬ 
tected.  With  a  p-n  junction,  minority-carrier  trapping  can 
also  be  examined.1  In  MIS  structures  the  DLTS  technique 
has  been  used  to  measure  trapping  centers  at  the  semicon¬ 
ductor-insulator  interface.*  With  all  of  the  above  test  de¬ 

vices  there  is  an  essential  requirement  for  unambiguous 
DLTS  analysis:  the  electrical  contact  to  the  back  of  the  speci¬ 
men  must  be  Ohmic  over  the  entire  range  of  measurement 
temperatures,  typically  from  77  K  to  above  room  tempera¬ 
ture.  This  requirement  can  be  satisfied  through  the  use  of 
epitaxially  grown  semiconductors  with  degenerately  doped 
substrates  of  by  ion  implanting  the  backside  of  a  bulk  semi¬ 
conductor  to  create  a  degenerately  doped  surface  layer.  Al¬ 
loyed  back  contacts  can  also  be  used  for  this  purpose.  For 
brevity  of  presentation  the  remainder  of  this  paper  will  focus 
on  the  Schottky-barrier  test  device. 

The  measurement  system  used  in  the  present  study  has 
*829  J.  Appl  Phyj  .  Vo).  50.  No.  7.  July  1 979 


(bl  Applied  Voltage 


FIG.  I  Schematic  diagrams  of  the  transient  response  for  a  semiconductor 
diode  in  a  constant-capacitance  DLTS  measurement,  (a)  The  device  capaci¬ 
tance  is  held  constant  after  each  charging  pulse,  and  (b)  the  applied  bias  is  a 
superposition  of  the  charging  pulses  and  a  time-varying  reverse  bias.  The 
pulses  are  applied  in  pairs  with  adjacent  pulses  set  at  different  amplitudes  in 
order  to  define  a  spatial  observation  window  (see  Fig.  2).  The  net  emission 
signal  J  is  the  difference  of  DLTS  signals  Fs ,  and  Vs , ,  which  are  mea¬ 
sured  after  pulses  r*  and  Vp, ,  respectively. 


been  described  elsewhere.* 10  It  is  based  upon  the  system  ori¬ 
ginally  proposed  by  Lang"  and  consists  of  a  capacitance 
bridge  with  fast  transient  response,  a  pulse  generator  for  rap¬ 
idly  changing  sample  bias,  a  dual-gated  signal  integrator  for 
monitoring  the  transient  response,  and  a  variable-tempera- 
ture  cryostat.  The  double-correlation  DLTS  technique  is  im¬ 
plemented  by  using  a  dual-pulse  generator  to  apply  pairs  of 
voltage  pulses  with  the  adjacent  pulses  set  at  different  ampli¬ 
tudes,  and  separate  signal  integrators  are  used  to  record  the 
DLTS  signal  for  each  pulse  in  the  pair.1  For  the  constant- 
capacitance  mode  of  measurement,  the  system  includes  feed¬ 
back  circuitry  which  maintains  the  capacitance  of  a  device  at 
a  constant  value  by  dynamically  varying  the  applied 
voltage.* 10 

Schematic  diagrams  of  the  capacitance  and  voltage 
waveforms  for  the  double-correlation  CC-DLTS  measure¬ 
ment  are  shown  in  Fig.  1 .  For  a  Schottky  barrier  on  an  a -type 
semiconductor,  DLTS  is  used  to  measure  electron  emission 
from  defect  levels.  A  reverse  bias  is  used  to  establish  a  deple¬ 
tion  layer,  and  a  voltage  pulse  is  periodically  applied  to  re¬ 
duce  the  depletion  width.  Traps  located  below  the  quasi- 
Fermi  energy  are  filled  with  electrons  during  a  charging 
pulse.  After  the  charging  pulse  the  trapped  electrons  are 
thermally  emitted  to  the  conduction  band  and  swept  out  of 
the  depletion  layer.  Between  charging  pulses  the  measure¬ 
ment  system  maintains  the  device  capacitance  at  a  constant 
value,  as  shown  in  Fig.  1(a).  This  is  achieved  for  a  time  vari¬ 
ation  in  the  applied  voltage,  as  shown  in  Fig.  1(b)  for  dual¬ 
pulse  biasing  conditions.  The  voltages  during  pulse  biasing 
are  designated  and  .  For  each  pulse  in  the  pair,  the 
DLTS  signal  is  obtained  by  forming  the  difference  of  the 
applied  biases  measured  at  the  two  delay  times  t ,  and  t,  after 
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the  pulse.  The  DLTS  signals  following  pulses  VpX  and  Vpi 
are  designated  VSI  and  VS2 ,  respectively.  The  double-corre¬ 
lation  CC-DLTS  signal  A  Vs  is  obtained  by  taking  the  differ- 
ence  of  Vs ,  and  Vsi  ;  this  yields  a  net  emission  signal.  In  Sec. 
Ill  an  analysis  is  presented  for  extracting  a  trap-density  pro¬ 
file  from  measurements  of  A  Vs  over  a  range  of  reverse 
biases. 

III.  THEORY  OF  MEASUREMENT 

In  a  Schottky-barrier  structure,  the  application  of  a  re¬ 
verse  bias  depletes  the  semiconductor  surface  of  majority 
carriers,  with  the  depletion  width  dependent  upon  the  mag¬ 
nitude  of  the  reverse  bias.  With  the  DDLTS  technique  the 
charging-pulse  pairs  are  used  to  define  a  narrow  interval  in 
the  depletion  layer  for  trap  detection;  the  interval  is  referred 
to  as  the  spatial  observation  window.’  This  is  illustrated  in 
Fig.  2  with  a  schematic  energy-band  diagram  of  a  Schottky 
barrier  with  a  single  discrete  trap  level  located  at  energy  E, 
in  the  semiconductor  band  gap.  A  reverse  bias  VR  produces 
a  depletion  layer  of  width  Wn ,  which  is  the  depth  below  the 
semiconductor  surface  where  the  electric  field  vanishes.  The 
depth  at  which  the  trap  level  intersects  the  quasi-Fermi  ener¬ 
gy  in  the  depletion  layer  is  denoted  XD .  The  depths  Xp]  and 
designate  the  intercepts  for  the  pulse  biases  Vpl  and 
respectively,  as  shown  in  Fig.  1.  The  interval  Xpl  <X< Xp2 
is  the  spatial  observation  window.  To  obtain  the  defect  pro¬ 
file,  the  observation  window  is  shifted  in  depth  by  varying 
the  reverse  bias  upon  which  the  charging  pulses  are  superim¬ 
posed.  When  the  DDLTS  measurement  is  conducted  in  the 
capacitance-transient  mode,  specific  approximations  are  re¬ 
quired  for  data  analysis  to  deal  with  the  change  with  time  of 


FIG.  2.  Schematic  energy-band  diagram  for  a  Schottky-barrier  structure 
with  a  single  discrete  defect  level  at  an  energy  E,  in  the  semiconductor  band 
gap.  The  distance  W„  is  the  depletion  width  for  a  reverse  bias  ,  and  XD  is 
the  depth  below  the  semiconductor  surface  at  which  the  defect  level  inter¬ 
sects  the  quasi-Fermi  energy.  The  distances  Xr,  and  Xr,  art  the  depths 
where  the  trap  level  intersects  the  quasi-Fermi  energy  for  pulse  biases 
and  .  respectively  The  interval  Xrl  <X<  Xr:  defines  the  spatial  observa¬ 
tion  window  for  the  double-correlation  technique  (Ref.  3). 


the  depletion  width  as  the  capacitance  relaxes  toward  a 
steady-state  value  after  a  charging  pulse.1  A  changing  deple¬ 
tion  width  produces  a  corresponding  time  variation  in  the 
total  number  of  defects  contributing  to  the  emission  signal. 
In  the  constant-capacitance  mode,  the  depletion  width  is 
held  constant  during  the  transient  response,  thus  eliminating 
the  need  for  such  approximations  and  thereby  permitting 
more  accurate  measurement  of  spatial  depth  profiles. 

An  analytical  expression  relating  the  measured  emis¬ 
sion  signal  A  Vs  to  the  trap  density  N,  (X )  can  be  readily 
obtained  by  considering  a  single  electron  trapping  level  in  an 
n-type  semiconductor,  as  shown  in  Fig.  2.  The  traps  will  be 
treated  as  being  acceptorlike,  that  is,  they  are  negatively 
charged  when  occupied  with  electrons  and  neutral  when 
empty.  It  is  assumed  that  all  traps  below  the  quasi-Fermi 
level  are  completely  filled  during  a  charging  pulse.  The  anal¬ 
ysis  utilizes  the  depletion  approximation  with  the  inclusion 
of  trapping  centers.  Thus,  the  space-charge  density  in  the 
depletion  layer  consists  of  the  shallow-dopant  density 
\D(X)  and  the  occupied-trap  density  n,(X,t ).  With  the  de¬ 
pletion  approximation  the  spatial  resolution  for  defect  pro¬ 
fiting  is  set  by  the  spatial  observation  window,  the  interval 
X,i  <X<  Xp2  in  Fig.  2.  Of  course,  the  ultimate  resolution  is 
limited  by  the  extrinsic  Debye  length  AD,  which  is  given  by 
the  expression 

A  D=(eskT/q'N0y\  (1) 

where  es  is  the  permittivity  of  the  semiconductor,  k  is  Boltz¬ 
mann's  constant,  7" is  the  absolute  temperature,  and  q  is  elec¬ 
tronic  charge. 

The  variation  of  the  applied  voltage  with  time  after  a 
charging  pulse  is  readily  computed  from  the  following  rela¬ 
tionship  between  the  electric  potential  across  the  device,  V, 
and  the  space-charge  density  in  the  depletion  layer,  ps : 

esV  —  I  XpsdX,  lim  ps  —  0.  (2) 

x  -*. 

This  expression  is  derived  from  Gauss’s  law;  it  is  not  restrict¬ 
ed  to  the  depletion  approximation  and  is  generally  valid  for 
Schottky-barrier  structures.  The  zero  of  potential  is  taken  at 
the  semiconductor  surface.  The  total  potential  difference 
across  the  depletion  layer  is  V{  fVD )  =  VD  +  v(t ),  where  VD 
is  the  built-in  potential  and  v(f )  is  the  time  varying  applied 
bias.  The  space-charge  densities  at  time  t  after  charging 
pulses  VpX  and  r*  will  be  designated  psX  (X,t )  and pa  (X,t ), 
respectively,  and  are  given  by  the  following  expressions: 

Ps\=ti^D<  0<X  <XpX 

=  q(N D  tt(),  XpX  <X <XD  (3) 

=  q(N0-S,l  X[)<X<WD 

and 

Psi=<1nd>  0<X<Xp2 

=  X pi  <  X  <  X  jy  (4) 

^q(Nr]-S,l  XD<X<WD. 
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When  electron  emission  dominates  the  trap  relaxation  pro¬ 
cess,  the  trap  occupation  varies  exponentially  with  time 

n, (X,t )  —  N,(X) exp(  -e„t),  (5) 

where  e„  is  the  electron  emission  rate,  which  from  consider¬ 
ations  of  detailed  balance  is  given  by 

e„  =  a„vJVc exp[  -  (Ec  - E,)/kT ] .  (6) 

In  this  equation  a„  is  the  electron  capture  cross  section,  un  is 
the  mean  thermal  velocity  for  electrons,  and  Nc  is  the  effec¬ 
tive  density  of  states  in  the  semiconductor  conduction  band. 
With  the  DLTS  technique  the  delay  times  /,  and  t2  (see  Fig. 
1)  determine  an  emission  rate  window  e0  as  follow:2 

e,  =  (h  -  »,)•'  ln(r2/r ,).  (7) 

For  spatial  profiling,  maximum  sensitivity  is  obtained  by 
adjusting  the  sample  temperature  such  that  en  =  ea.  In  Fig.  1 
the  net  emission  signal  is  defined  as 

dFs  =  [i>,(/,)  -  -  o2(/;)].  (8) 

When  Eqs.  (2)— (5)  are  substituted  into  Eq.  (8),  the  following 
expression  is  obtained: 

AVS  =  fa/es)[exp(  -  ent,)  -  exp(  -  e„t2)] 


rK.- 

xj  XN,(X)dX. 


This  expression,  relating  the  measured  net  emission  signal  to 
the  defect  density,  applies  for  spatially  varying  as  well  as 
uniform  shallow-dopant  concentrations  and  is  not  restricted 
to  low  trap  concentrations.  The  exponential  terms  in  the 
bracket  simply  contribute  a  numerical  factor  to  the  propor¬ 
tionality  constant.  If  the  observation  window  XpX  <  X<  Xp2 
is  sufficiently  narrow  such  that  IV,  is  slowly  varying  over  the 
interval,  then  N,  may  be  replaced  by  its  average  value  <JV,  >, 
and  the  integral  solved  to  obtain 


A  Vs  =  (?/2es)l«p(  ~  «»*<)  -  exP(  -  *n'a)l 


x<JV,X** -*£.)■  (10) 

This  equation  serves  as  the  basis  for  defect-density  profiling 
by  the  double-correlation  CC-DLTS  technique  (experimen¬ 
tal  results  are  presented  in  Sec.  IV).  To  measure  trap  ener¬ 
gies,  DLTS  emission  spectra  are  commonly  recorded  with 
charging  pulses  of  a  single  amplitude.  The  CC-DLTS  signal 
for  uniform  charging  pulses  Fs  is  also  given  by  Eqs.  (9)  and 
(10)  withTpj  replaced  by  XD.  In  Sec.  V  is  discussed  an  alter¬ 
native  approach  for  defect-density  profiling  which  is  based 
on  the  CC-DLTS  measurement  with  uniform  charging 
pulses. 


IV.  EXPERIMENTAL  RESULTS 

In  this  section  results  are  presented  from  measurements 
of  defect  levels  and  their  spatial  distributions  in  self-implant¬ 
ed  silicon.  The  purpose  here  is  to  illustrate  the  application  of 
the  CC-DLTS  technique  for  bulk-defect  measurements,  in 
particular  the  measurement  of  defect  profiles  by  the  double¬ 
correlation  CC-DLTS  method.  In  addition  to  the  results 
presented  below,  measurements  with  this  technique  are  re- 


T(K) 


FIG.  3  Conslant-capacitance  DLTS  spectrum  for  self-implanted  furnace- 
annealed  silicon.  The  emission  activation  energy  is  listed  for  each  peak  (see 
Fig.  4). 


ported  in  Refs.  12  and  13.  A  study  of  ion-implantation  dam¬ 
age  in  silicon  for  ranges  of  implantation  and  annealing  con¬ 
ditions  will  be  presented  elsewhere. 

A.  Sample  preparation 

Schottky-barrier  diodes  were  fabricated  on  epitaxial 
silicon  wafers.  The  starting  material  consisted  of  10-^m- 
thick  phosphorous-doped  epilayers  (jVw  =  4x  101'  cm1) 
which  were  grown  on  degenerately  doped  (100)  oriented 
Czochralski-grown  silicon  substrates.  Degenerate  substrates 
were  used  to  obtain  back  contacts  which  remained  Ohmic  at 
low  temperatures.  Wafers  were  implanted  at  room  tempera¬ 
ture  with  SiH"  with  an  accelerating  potential  of  1 50  kV  to  a 
dose  of  5  X  1012  cm'2.  This  dosage  is  not  sufficient  to  drive  the 
silicon  amorphous.  The  implanted  species  was  chosen  to 
avoid  nitrogen  contamination  (N2+  4  and  N*)  which  can 
occur  during  2,Si~  implantation.  After  implantation,  the 
samples  were  annealed  at  600  °C  for  30  min  in  flowing  N2. 
Aluminum  field  plates  and  back  contacts  were  vacuum  de¬ 
posited,  after  which  the  test  devices  received  a  final  anneal  at 
450  *C  for  30  min  in  forming  gas  (15%  H2,  85%  N2). 

B.  Defect  levels 

Defect  energies  in  self-implanted  silicon  were  measured 
by  the  CC-DLTS  technique.  An  emission  spectrum  is  shown 
in  Fig.  3.  Since  a  Schottky  diode  is  a  majority-carrier  device, 
in  an  n-type  semiconductor  only  defect  levels  in  the  upper 
half  of  the  band  gap  can  be  detected.  Four  electron  emission 
peaks  are  evident  in  Fig.  3.  With  each  peak  is  listed  the  ther¬ 
mal  activation  energy  for  carrier  emission  from  the  corre¬ 
sponding  defect.  With  the  assumption  that  majority-carrier 
emission  dominates  the  DLTS  signal,  the  activation  energy 
is  obtained  from  an  Arrehenius  analysis  of  the  temperature 
dependence  of  the  emission  rate  e„ ,  which  is  given  by  Eq.  (6). 
The  measurement  consists  of  recording  the  temperature  of 
an  emission  peak  for  different  emission-rate  windows.2  The 
Arrhenius  analysis  is  shown  in  Fig.  4.  To  correct  for  the 
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FIG.  4.  Arrhenius  analysis  of  ihe  emission  rate  e„  for  each  of  the  four  peaks 
in  the  CC-DLTS  spectrum  shown  in  Fig.  3. 


assumed  T 2  dependence  of  the  product  v„  Nc  in  the  prefactor 
of  e„ ,  ln(e„ /T2)  is  plotted  versus  1/kT.  The  activation  ener¬ 
gies  were  obtained  from  least-squares  fits  to  the  data,  with 
estimated  uncertainties  of  ±  0.01  eV. 

The  energy  level  in  the  semiconductor  band  gap  is  re¬ 
quired  for  spatial  depth  profiling.  If  the  capture  cross  section 
is  independent  of  temperature,  the  activation  energy  ap¬ 
proximately  equals  the  defect  energy.  Miller  el  al. 1  have  not¬ 
ed  that  the  measured  activation  energy  is  actually  an  enth¬ 
alpy  while  the  trap  depth  is  a  free  energy,  the  quantities  being 
equal  at  T  =  0.  For  the  measurement  of  the  spatial  distribu¬ 
tions,  it  will  be  assumed  that  the  activation  energies  for  emis¬ 
sion  peaks  E1.E2,  and  E3  in  Fig.  3  numerically  equal  the 
respective  trap  energies  measured  relative  to  the  silicon  con¬ 
duction-band  minimum  Ec.  The  fourth  emission  peak  with 
an  activation  energy  of  0.33  eV  identifies  a  trap  level  near 
midgap.  In  this  case,  the  minority-carrier  emission  ep  cannot 
readily  be  neglected.  The  measured  activation  energy  is  an 
average  of  e„  +  ep ,  and  the  steady-state  density  of  filled 
traps  in  the  depletion  layer  can  be  a  significant  fraction  of  the 
total  trap  concentration,  depending  on  the  relative  electron 
and  hole  emission  rates.1  For  this  reason,  spatial  depth  pro¬ 
files  were  measured  only  for  the  trap  levels  at  Ec  -  0. 18, 
Ec  —  0.28,  and  Ec  —  0.42  eV,  where  electron  emission 
could  be  considered  the  dominant  process. 

C.  Spatial  depth  profiles 

The  spatial  distributions  of  three  trap  levels  in  self-im¬ 
planted  silicon  are  shown  in  Fig.  3.  Data  were  obtained  with 
the  double-correlation  CC-DLTS  technique  described  in 
Sec.  II.  For  each  trap  level  sample  temperature  was  adjusted 
for  an  emission  peak.  The  spatial  observation  window  was 
incrementally  shifted  in  depth  by  varying  the  reverse  bias 
upon  which  the  charging-pulse  pairs  were  superimposed. 
The  minimum  depth  for  defect  profiling  is  determined  by  the 
zero-bias  depletion  width,  so  that  the  profile  immediately 
adjacent  to  the  silicon  surface  cannot  be  directly  measured. 
Defect  densities  were  computed  from  Eq.  (10).  The  depth  at 
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which  a  trap  level  intersects  the  quasi-Fermi  energy  for  a 
known  bias  is  readily  computed  given  the  shallow-dopant 
density  ND  and  the  depletion  width.  In  the  present  study  the 
Miller  C-  V  feedback  profiling  technique14  was  used  to  accu¬ 
rately  measure  depletion  widths  and  the  uniform  dopant 
density  ;  depletion  widths  were  measured  at  the  defect -profil¬ 
ing  temperature.  In  Fig.  3  the  horizontal  bars  mark  the  com¬ 
puted  intervals  (Xpl  <X< Xp2 )  over  which  average  defect 
concentrations  were  measured,  and  the  vertical  bars  denote 
the  uncertainties  in  the  concentrations  due  to  uncertainty  in 
the  measurement  of  the  net  emission  signal.  With  each  pro¬ 
file  is  shown  the  trap  energy  E, ,  the  profiling  temperature  T, 
and  the  extrinsic  Debye  length  A  D .  Also  shown  is  the  pro¬ 
jected  range  for  Si*  implanted  at  290  keV.1’  This  approxi¬ 
mates  the  projected  range  of  silicon  for  the  actually  implant¬ 
ed  species  SiH**  if  it  is  assumed  that  the  ionized  molecule 
dissociates  into  Si*  and  H*  at  the  silicon  surface,  with  equal 
ion  velocities  at  the  instant  of  separation. 

The  densities  of  all  three  defect  levels  vary  with  depth. 
For  the  levels  at  Ec  —  0.28  and  Ec  —  0.42  eV,  the  defect 
densities  decrease  monotonically  with  distance  from  the  sili¬ 
con  surface  over  the  investigated  spatial  ranges.  These  levels 
are  ascribed  to  residual  implantation  damage,  as  suggested 
by  their  rapid  decay  over  a  depth  comparable  to  the  project- 
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FIG.  5.  Spatial  depth  profiles  for  three  defect  levels  in  self-implanted  silicon 
(see  Fig.  3).  as  measured  by  the  double-correlation  CC-DLTS  technique. 
With  each  profile  is  listed  the  trap  energy  E, .  the  measurement  temperature 
T,  and  the  extrinsic  Debye  length  A„ .  The  horizontal  bars  mark  the  com¬ 
puted  intervals  over  which  the  average  defect  concentrations  were 
measured. 
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ed  range  of  the  self  implant.  The  level  at  Ec  —  0. 1 8  eV  has 
been  identified  with  the  .4  center  in  silicon, which  is  a 
defect  complex  consisting  of  substitutional  oxygen  adjacent 
to  a  silicon  vacancy.1*  It  is  generally  found  that  only  a  small 
fraction  of  the  oxygen  contamination  in  single-crystal  silicon 
is  complexed  in  the  form  of  electrically  active  point  defects. 19 
The  ^-center  concentration  increases  over  the  same  range  as 
the  damage  centers  decrease  in  density.  This  may  be  related 
to  the  annealing  kinetics  of  implantation  damage. 

V.  DISCUSSION  AND  CONCLUSIONS 

The  application  of  Eq.  (10)  for  defect  profiling  is  based 
on  the  assumption  that  the  trap  density  A',  (X)  varies  slowly 
over  the  observation  window  (Xp[  <  X  <  Xp2 ).  Since  the  volt¬ 
age  pulses  can  be  set  for  a  spatial  window  approaching  the 
extrinsic  Debye  length  AD  (as  illustrated  in  Fig.  5),  this  as¬ 
sumption  does  not  impose  a  serious  limitation  on  the  appli¬ 
cation  of  the  technique.  A  similar  limitation  confronts  the 
measurement  of  shallow-dopant  profiles  by  capacitance- 
voltage  techniques.  When  the  shallow-dopant  density  varies 
rapidly  on  the  scale  of  AD ,  the  measured  profile  deviates 
significantly  from  the  shallow -dopant  distribution.20"”  How¬ 
ever,  the  assumption  required  for  Eq.  (10)  constitutes  a  re¬ 
striction  which  is  in  addition  to  the  ultimate  limit  of  spatial 
resolution  given  by  Au . 

Equation  (9)  can  serve  as  the  basis  for  an  alternative 
approach  to  defect  profiling  which  does  not  place  a  physical 
restriction  on  the  spatial  rate  of  change  of  A, ,  other  than  that 
imposed  by  A0 .  This  alternative  approach  also  utilizes  the 
CC-DLTS  method  but  can  be  performed  either  as  a  double¬ 
correlation  measurement  or  with  uniform-pulse  biasing.  In 
the  later  case  the  CC-DLTS  signal  Ks  is  given  by  Eq.  (9)  with 
*P2  replaced  by  X„ : 

Fv  =  (<?/e,,)|exp(  -  <y,)  -  exp( -- e,,/;)]  f  XN,(X)dX. 

Jxt  V,.) 

(11) 

Here  Xp  is  the  distance  at  which  the  trap  level  intersects  the 
quasi-Fermi  energy  for  a  pulse  bias  C, .  Since  the  distance  Xp 
can  be  varied  by  changing  Vp,  the  emission  signal  can  be 
measured  as  a  function  of  Xp,  with  Xn  held  constant.  Then 
the  lower  limit  of  integration  in  Eq.  ( 1 1 )  may  be  treated  as  a 
variable,  and  Vs  can  be  differentiated  with  respect  to  X. 
Evaluating  the  spatial  derivative  of  Eq.  (1 1 )  at  Xp  yields 

~ -  =  —  [exp(  -  e„/,)  -  exp(  -  ent2)\Xfl,(X  ).  (12) 

dX  x„  es 

Thus  from  the  measurement  of  Vs  as  a  function  of  Xp ,  Eq. 
(12)  can  be  used  to  compute  the  defect  profile. 

The  above  formulation  is  simply  the  differential  limit  of 
the  difference  method  which  underlies  the  double-correla¬ 
tion  technique.  However,  certain  features  of  the  double-cor¬ 
relation  technique  are  not  retained  with  this  alternative  ap¬ 
proach.  Specifically,  traps  at  the  boundary  of  the  depletion 
layer  which  are  not  completely  emptied  and  which  have  an 
enhanced  transient  response  are  not  excluded  in  a  uniform- 
pulse  measurement.'  "  This  feature  can  be  regained  by  per¬ 


forming  the  CC-DLTS  measurement  with  dual  pulses  and 
varying  the  amplitude  of  only  one  of  the  pulses  to  obtain  data 
for  computing  the  spatial  derivative  of  the  net  emission  sig¬ 
nal.  Another  feature  of  the  double-correlation  technique  can 
be  important  in  cases  where  the  emission  rate  for  a  defect 
level  strongly  depends  on  the  electric  field  in  the  space- 
charge  layer.  With  the  double-correlation  technique  the  field 
variation  within  the  observation  window  is  only  a  fraction  of 
the  variation  in  the  space-charge  layer.’ 22  With  the  alterna¬ 
tive  approach,  the  width  of  the  observation  window  would 
typically  be  varied  over  a  range  comparable  to  the  depletion 
width,  in  which  case  there  is  a  significant  variation  of  the 
electric  field  within  the  window.  As  with  the  method  devel¬ 
oped  in  Secs.  11  and  111,  the  unique  feature  of  the  approach 
described  here  is  that  the  measurement  is  performed  in  the 
constant-capacitance  mode.  This  eliminates  the  degradation 
in  spatial  resolution  which  results  from  the  depletion  width 
varying  with  time  during  the  transient  response  to  a  charg¬ 
ing  pulse  (as  occurs  in  the  capacitance-transient  mode)  and 
permits  measurements  at  high  trap  densities. 
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Electronic  defect  levels  in  self-implanted  cw  Ar-laser-annealed  silicon  have  been 
measured  by  deep-level  transient  spectroscopy.  The  electron  emission  spectrum  is 
dominated  by  two  levels  near  the  middle  of  the  silicon  forbidden  energy  band  with 
activation  energies  of  —0.49  and  0.56  eV.  These  levels  can  be  spatially  resolved  in  the 
depletion  layer  of  Schottky  diodes  due  to  a  more  rapid  decrease  with  distance  in  the 
density  of  the  shallower  level.  In  samples  receiving  a  450'C  furnace  anneal  (after  laser 
irradiation)  an  additional  level  appears  at  0.28  eV;  the  defect  density  is  shown  to 
decrease  monotonically  with  depth  into  the  silicon  substrate. 

PACS  numbers:  71.55.Fr,  61.80.Jh,  61.70.Tm 

cw  laser  irradiation  has  been  shown  to  be  an  effective  The  test  devices  were  Schottky-barrier  diodes  fabricat- 

means  for  recrystallizing  the  amorphous  layer  created  by  ed  on  epitaxial  silicon  wafers.  The  starting  material  consist- 

high-dose  ion  implantation  in  silicon. In  this  case,  recrys-  ed  of  10-/rm-thick  phosphorus-doped  epilayers  which  were 

tallization  can  occur  by  solid-phase  epitaxial  regrowth. grown  on  degenerately  doped  (100)-oriented  Czochralski- 
Further.it  has  been  demonstrated  that  the  cw  laser-annealed  grown  silicon  substrates.  Semiconducting  epilayers  on  de¬ 
layer  contains  a  lower  density  of  structural  defects  (e.g.,  dis-  generately  doped  substrates  were  used  to  ensure  Ohmicity  of 

location  loops)  than  can  be  obtained  by  a  conventional  ther-  the  back  contacts,  which  permitted  evaluation  of  as-laser- 
mal  anneal.1  In  this  paper,  results  are  presented  from  a  deep-  annealed  silicon.  Wafers  were  implanted  at  room  tempera- 

level  spectroscopic  analysis  of  electrically  active  point  de-  ture  with  SiH'  at  80  keV  to  a  dose  of  2  X  10”  cm'2,  which  is 

fects  in  ion-implanted  and  cw  laser-annealed  silicon.  A  scan-  sufficient  to  drive  the  silicon  amorphous  to  a  depth  of 
ning  cw  Ar-ion  laser  system  was  used  for  the  anneals.*  With  —  1 200  A.  The  implanted  species  was  chosen  to  avoid  nitro- 
this  system  an  implanted  amorphous  layer  can  be  recrystal-  gen  contamination  (N2*)  which  can  occur  during  **Si*  im- 
lized  while  retaining  the  as-implanted  impurity  profile,1  plantation.  Laser  annealing  was  performed  with  the  focused 

which  is  consistent  with  solid-phase  epitaxial  regrowth  of  and  scanned  beam  from  a  cw  Ar  laser.*  Results  are  presented 
the  damaged  layer.  Self-implantation  was  used  to  create  ra-  from  two  separate  sets  of  laser-annealed  specimens.  In  the 
diation  damage,  of  the  form  acccompanying  the  implanta-  first  set  the  silicon  substrate  temperature  T,  was  maintained 
tion  of  the  commonly  used  dopants  in  silicon  (i.e.,  P,  As,  and  at  —  25  *C  during  laser  annealing;  the  laser  power  level  was 

B),  without  altering  the  shallow  dopant  concentration.  This  1 2  W,  with  a  spot  size  of  ~  40 //m,  and  the  scan  rate  was  12.5 

facilitated  the  measurement  and  analysis.  cm/s,  with  a  40%  overlap  between  adjacent  scan  lines. 


704 


Appl.  Phys.  Lett.  34(10),  IS  May  1979 


0003-6951/79/100704-03500.50 


©  1979  American  Institute  ot  Physics 


704 


T|K) 

FIG.  I .  CC-DLTS  spectra  for  electron  emission  in  self-implanted  cw  laser- 
annealed  silicon  and  in  a  furnace-annealed  control  device. 


These  specimens  received  vacuum-evaporated  Au  field 
plates  and  Pd/Au  back  contacts.  The  second  set  of  samples 
was  laser  annealed  with  Ts  =  350  °C;  the  power  level  was  5.7 
W,  with  a  spot  size  of  ~40/rm,  and  the  scan  rate  was  12 
cm/s,  with  a  50%  overlap  between  scan  lines.  With  these 
samples,  standard  photolithography  was  used  to  define  field 
plates  in  evaporated  A1  thin  films,  and  the  devices  were  fur¬ 
nace  annealed  at  450  °C  for  30  min  in  forming  gas  ( 1 5%  H!( 
85%  N>).  For  both  of  the  above  laser-annealing  conditions, 
the  implanted  amorphous  layer  is  recrystallizcd  by  solid- 
phase  epitaxial  regrowth.  For  comparison  with  the  laser- 
annealed  material,  control  devices  were  prepared  with  a  con¬ 
ventional  furnace  anneal  (1000  *C,  30  min,  N;). 

Deep-level  transient  spectroscopy  (DLTS)’  was  used  to 
obtain  electron  emission  spectra  from  the  Schottky-barricr 
devices.  The  measurement  was  performed  in  the  constant- 
capacitance  mode  (termed  CC-DLTS),’  which  is  particular¬ 
ly  applicable  for  high  trap  densities.’  On  Schottky  diodes  the 
measurement  involves  first  the  application  of  a  reverse  bias 
to  establish  a  depletion  layer  in  the  semiconductor,  and  a 
voltage  pulse  is  periodically  applied  to  populate  additional 
traps  by  reducing  the  depletion  width.  Between  charging 
pulses,  the  applied  voltage  is  dynamically  varied  in  order  to 
maintain  the  device  capacitance  at  a  constant  value  as  elec¬ 
trons  (in  an  n-type  semiconductor)  are  thermally  emitted  to 
the  conduction  band  and  swept  out  of  the  depletion  layer. 
The  CC-DLTS  emission  signal  is  obtained  by  forming  the 
difference  of  the  voltage  transient  measured  at  two  delay 
times,  /,  and  t„  after  a  charging  pulse.  The  delay  times  define 
an  emission  rate  window  e0  which  is  given  by  the  expression 
e0  =  (t,  —  /,)•'  ln(f,/f,).7  In  a  DLTS  spectrum  an  emission 
peak  appears  at  that  temperature  for  which  the  emission  rate 
of  a  trap,  cn ,  equals  <?„.  The  rate  window  can  be  varied  to 
obtain  the  emission  rate  over  a  range  of  temperatures.  Then, 
the  activation  energy  for  thermal  emission  is  obtained  from 
an  Arrhenius  analysis  of  the  emission  rate,  which  from  con¬ 
siderations  of  detailed  balance  may  be  expressed  as 

eH  =  a„v„Ne  exp(  —  E,/kT),  ( 1 ) 

where<7„  is  the  electron  capture  cross  section,  v„  isthemcan 


thermal  velocity  for  electrons,  Nc  is  the  effective  density  of 
states  in  the  conduction  band,  £,  is  the  trap  energy  relative 
to  the  conduction-band  minimum,  k  is  Botzmann’s  con¬ 
stant,  and  T  is  the  absolute  temperature. 

The  double-correlation  technique10  was  used  for  CC- 
DLTS  measurement  of  defect-density  profiles.’  With  this 
technique  the  charging  pulses  are  applied  in  pairs  with  the 
adjacent  pulses  set  at  different  amplitudes.  Separate  DLTS 
signals  arc  recorded  for  each  pulse  in  the  pair  and  then  sub- 
stracted  to  form  a  net  DLTS  emission  signal.  In  this  way  the 
adjacent  pulses  define  a  narrow  spatial  observation  window, 
which  is  shifted  in  depth  by  varying  the  reverse  bias  upon 
which  the  pulses  are  superimposed.  The  measurement  is  per¬ 
formed  with  the  sample  temperature  set  for  an  emission  peak 
in  a  DLTS  spectrum.  The  net  emission  signal  in  the  con¬ 
stant-capacitance  mode,  A  V,  depends  upon  the  trap  density 
in  the  observation  window  according  to  the  following 
expression’: 

AV—  (q/2e,)[e\ p(  -  e„/,)  -  exp(  -  e„r,)]<A,>(X £  -  X2p), 

(2) 

where  q  is  electronic  charge,  f,  is  the  permittivity  of  the 
semiconductor,  and  <fV,>  is  the  average  trap  density  in  the 
observation  window.  The  distances  Xp[  and  Xp2  are  the 
depths  below  the  semiconductor  surface  at  which  the  defect 
level  intersects  the  quasi-Fermi  energy  for  the  two  pulse  bi¬ 
ases;  they  define  the  bounds  of  the  observation  window. 
These  depths  can  be  computed  given  the  shallow  dopant 
density  and  trap  energy.  Emission  spectra  are  recorded  with 
unform  charging  pulses,  and  the  emission  signal  is  given  by 
Eq.  (2)  with  Xp2  replaced  by  XD ,  which  is  the  depth  of  inter¬ 
section  for  a  specified  depiction  bias. 

CC-DLTS  emission  spectra  are  presented  in  Fig.  1  for  a 
self-implanted  laser-annealed  sample  that  did  not  receive  a 
forming-gas  anneal.  The  two  emission  spectra  were  recorded 
with  different  combinations  of  reverse  and  pulse  biases, 
which  define  different  spatial  observation  windows  for  trap 
detection.  The  bounds  of  the  spatial  intervals  quoted  in  Fig. 
1  (i.c.,  A  IF,,)  are  the  steady-state  depletion  depths  under 


FICi  2.  CCDI.TS  emission  spectra  for  a  sell  implanted  laser-annealed 
diode  «  Inch  also  received  a  -tMJ  "C  furnace  anneal 
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FIG.  3.  Spatial  depth  profile  of  the  defect  level  at  £,  -0.28  eV  in  self- 
implanted  laser-annealed  silicon. 


reverse  and  pulse  biases,  which  were  computed  from  the 
high-frequency  device  capacitance.  The  intervals  indicate 
the  relative  depths  of  the  observation  windows  for  the  two 
spectra.  The  electron  emission  spectra  are  dominated  by  two 
defect  levels  which  are  located  near  the  middle  of  the  silicon 
band  gap.  The  emission  spectra  recorded  with  different  ob¬ 
servation  windows  indicate  that  the  ratio  of  the  densities  of 
the  two  defect  levels  varies  rapidly  with  depth.  The  activa¬ 
tion  energies  were  obtained  from  measurements  over  spatial 
intervals  in  which  a  single  emission  peak  dominated  the 
spectrum.  The  activation  energy  for  the  high-temperature 
peak  is  0.56  eV.  The  spatial  separation  of  the  two  traps  is 
primarily  due  to  a  rapid  decrease  with  distance  in  the  density 
of  the  shallower  of  the  two  midgap  levels.  The  spatial  separa¬ 
tion  is  less  complete  for  this  shallower  level,  giving  rise  to  an 
uncertainty  in  the  activation  energy  which  is  found  to  be 
—0.49  eV.  A  broad  emission  signal  of  reverse  polarity  at 
intermediate  temperatures  is  ascribed  to  a ihigh  trap  concen¬ 
tration  near  the  silicon  surface  which  contributes  to  a  high 
degree  of  charge  compensation.  At  low  temperatures  a  third 
emission  peak  of  low  intensity  is  detectable,  with  an  activa¬ 
tion  energy  of  0. 19  eV;  this  level  is  removed  by  the  forming- 
gas  anneal  (see  Fig.  2).  Also  shown  in  Fig.  1  is  the  emission 
spectrum  for  a  furnace-annealed  control  device. 

CC-DLTS  emission  spectra  are  shown  in  Fig.  2  for  a 
forming-gas-annealed  device.  These  spectra  are  dominated 
by  the  same  two  midgap  defect  levels  as  found  above,  with 
the  level  at  —0.49  eV  decaying  more  rapidly  than  the  0.56- 
eV  level  with  depth  into  the  silicon  substrate.  However,  there 
is  an  additional  emission  peak  with  an  activation  energy  of 
0.28  eV  which  is  comparable  in  magnitude  to  the  midgap 
peaks.  This  level  is  well  resolved  in  the  emission  spectrum 
and  can  be  unambiguously  profiled  by  the  double-correla¬ 
tion  CC-DLTS  technique.  The  defect-density  distribution  is 
shown  in  Fig.  3.  The  horizontal  bars  mark  the  spatial  inter¬ 
vals  over  which  average  defect  densities  were  computed 
from  Eq.  (2),  and  the  vertical  bars  denote  the  uncertainties  in 


the  densities  due  to  uncertainty  in  the  measurement  of  the 
net  emission  signal.  The  defect  density  decreases  monotoni- 
cally  with  depth  below  the  laser-irradiated  surface,  over  the 
investigated  interval.  Also  shown  is  the  projected  range  for 
Si*  implanted  at  77  keV."  This  approximates  the  projected 
range  of  silicon  for  the  actually  implanted  species,  SiH\  if  it 
is  assumed  that  the  ionized  molecule  dissociates  into  silicon 
and  hydrogen  atoms  at  the  silicon  surface,  with  equal  parti¬ 
cle  velocities  at  the  instant  of  separation. 

High  densities  of  electronic  defect  levels  remain  after 
cw  laser  annealing  of  ion-implanted  silicon.  The  levels  are 
ascribed  to  incomplete  removal  of  implantation  damage  by 
the  laser  anneal,  although  the  microscopic  origins  of  the  de¬ 
fects  have  not  been  identified.  The  levels  at  —0.49  and  0.56 
eV  are  present  in  the  as-lascr-annealed  material  (Fig.  1)  and 
in  samples  which  also  receive  a  450  °C  anneal  (Fig.  2).  After 
the  450  °C  anneal,  an  additional  level  of  comparable  density 
appears  at  0.28  eV.  The  densities  of  all  three  levels  decrease 
with  depth  into  the  silicon  substrate  from  >  10”  cm'1  in  the 
near-surface  region,  as  shown  for  the  level  at  0.28  eV  in  Fig. 
3.  By  comparison,  the  defect  density  is  orders  of  magnitude 
lower  in  self-implanted  control  devices  which  receive  a  con¬ 
ventional  furnace  anneal  at  1000  °C  (Fig.  1).  The  level  at  0.1 9 
eV,  detected  in  as-laser-anncaled  silicon  (Fig.  1),  may  be  due 
to  the  vacancy-oxygen  complex,12  although  it  differs  slightly 
in  energy  from  a  level  at  0. 1 8  eV  which  has  been  previously 
assigned  to  this  defect. '  ’  The  projected  range  for  Si*  shown  in 
Fig.  3  approximates  the  depth  of  the  amorphous  layer  after 
self-implantation  and  reveals  that  the  measured  defects  re¬ 
side  in  material  that  was  not  driven  amorphous.  The  mea¬ 
sured  energy  levels  and  spatial  distributions  suggest  that  the 
residual  point  defects  should  serve  as  efficient  charge  genera¬ 
tion  and  recombination  centers  in  ion-implanted  and  cw  la¬ 
ser-annealed  p-n  junction  devices. 
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ABSTRACT 

Electronic  defect  levels  in  self-implanted,  CW  Ar-lascr-anncalcd  silicon  have  been 
measured  by  deep-level  transient  spectroscopy.  Results  are  presented  from  measurements  on 
n-type  Schottky  diodes  which  were  fabricated  on  both  Czochralski-grown  and  epitaxial 
silicon  wafers.  High  densities  of  electron  traps  remain  after  CW  laser-induced 
rccrystallization  of  an  implanted  amorphous  layer.  The  defect  densities  decrease  with  depth 
into  the  silicon  substrate.  The  residual  damage  is  only  partially  removed  by  a  600-C  anneal 
and  is  substantially  removed  after  an  800-C  anneal. 

INTRODUCTION 

CW  laser  irradiation  has  been  shown  to  be  an  effective  means  for  rccrystallizing  the 
amorphous  layer  created  by  high-dose  ion  implantation  in  silicon.1-2  It  has  been  shown  that 
for  this  annealing  procedure,  rccrystallization  can  occur  by  solid-phase  epitaxial  regrowth.3'5 
It  has  also  been  demonstrated  that  the  CW  laser-annealed  layer  contains  a  lower  density  of 
structural  defects  (e.g.,  dislocation  loops)  than  can  be  obtained  by  a  conventional  thermal 
anneal.5  In  this  paper,  results  are  presented  from  a  deep-level  spectroscopic  study  of 
electrically  active  point  defects  in  ion-implanted  and  CW  laser-annealed  silicon.  A  scanning 
CW  Ar-ion  laser  system  was  used  for  the  anneals.6  With  this  system  an  implanted 
amorphous  layer  can  be  recrystallized  while  retaining  the  as-implanted  impurity  profile,5 
which  is  consistent  with  solid-phase  epitaxial  regrowth  of  the  damaged  layer.  Self 
implantation  was  used  to  create  radiation  damage  of  the  form  accompanying  the 
implantation  of  the  commonly  used  dopants  in  silicon  (i.e.,  P,  As,  and  B).  Samples  were 
prepared  on  both  epitaxial  silicon  and  Czochvalski- grown  silicon,  and  the  effectiveness  of 
furnace  anneals  for  removing  residual  implantation  damage  after  laser  annealing  was 
investigated. 

SAMPLE  PREPARATION 

Schottky-barricr  diodes  were  fabricated  on  both  epitaxial  silicon  and  bulk  single¬ 
crystal  silicon.  The  epitaxial  silicon  consisted  of  10-pm  thick,  phosphorus-doped  cpilaycrs 
which  were  grown  on  degenerately  doped.  (lOO)-oricnted  silicon  substrates.  Tnc  bulk 
material  was  phosphorus-doped,  (100)-oricnlcd,  Czochralski-grown  silicon.  'Hie  back  surface 
of  bulk  silicon  wafers  was  implanted  with  plrosphorus  to  produce  a  degenerately  doped 
layer;  the  dopant  was  electrically  activated  with  an  anneal  at  800  C  for  30  min  in  flowing 
N2.  Epitaxial  silicon  wafers  with  degenerate  substrates  and  ion-implanted  back  surfaces  on 
single-crystal  silicon  were  used  to  obtain  back  contacts  which  remained  ohmic  at  low- 


temperatures.  This  also  permitted  the  evaluation  of  as-lascr-anncalcd  silicon.  The  front 
surface  of  the  wafers  was  implanted  at  room  temperature  with  SiH+  at  80  keV  to  a  dose  of 
2xl016  cm'2.  This  dose  is  sufficient  to  drive  the  silicon  amorphous  to  a  depth  of 
approximately  1200A.  The  implanted  species  was  chosen  to  avoid  nitrogen  contamination 

(N2+)  which  can  occur  during  28Si+  implantation.  Laser  annealing  was  performed  with  the 

focussed  and  scanned  beam  from  a  CW  Ar-ion  laser.6  The  substrates  were  maintained  at  350 
C  during  laser  annealing.  The  power  level  was  5.7  W,  with  a  spot  diameter  of  ~40  pm,  and 
the  scan  rate  was  12  cm/sec,  with  a  50%  overlap  between  adjacent  scan  lines.  Under  these 
annealing  conditions,  the  implanted  amorphous  layer  is  rccrystallizcd  by  solid-phase  epitaxial 
regrowth.  Part  of  the  specimens  received  a  furnace  anneal  after  laser  irradiation.  These 
specimens  were  annealed  at  either  600  or  800  C  in  flowing  N2  for  30  min.  Schottky-barrier 
diodes  were  fabricated  by  vacuum  evaporating  aluminum  on  both  surfaces  of  the  wafer. 
Standard  photolithographic  techniques  were  used  to  define  the  rectifying  contacts.  Unless 
otherwise  stated,  the  test  devices  received  a  final  anneal  at  450  C  for  30  min  in  forming  gas 
(15%  H2,  85%  N2). 

MEASUREMENT  TECHNIQUE 

Transient-capacitance  techniques  were  used  to  measure  electrically  active  defects  on 
Schottky  diodes.  The  basic  method  used  in  this  study  was  developed  by  Lang7  and  is  termed 
deep-level  transient  spectroscopy  (DLTS).  The  double-correlation  DLTS  (DDLTS) 
technique8  was  used  to  measure  spatial  depth  profiles  of  defect  levels.  In  the  present  study 
both  DLTS  and  DDLTS  were  performed  in  the  constant-capacitance  mode,  which  is 
particularly  applicable  when  measuring  high  trap  densities.  A  detailed  analysis  of  constant- 
capacitance  DLTS  (CC-DLTS)  measurements  of  bulk-semiconductor  defects  has  been 
presented  elsewhere.9 

The  essential  features  of  the  above  techniques  for  detecting  defects  arc  illustrated  in 
Fig.  1  with  an  energy-band  diagram  for  a  Schottky-barrier  structure  with  a  single  trap  level 
at  energy  Ej  in  the  bandgap  of  an  n-type  semiconductor.  The  DLTS  measurement  involves 
first  the  application  of  a  reverse  bias  VR  to  establish  a  depletion  layer  of  width  WD.  The  trap 
level  intersects  the  quasi-Fermi  energy  Ep^  at  XD.  Traps  located  below  ^FS  arc  filled  with 
electrons  and  those  above  arc  empty.  Voltage  pulses  periodically  reduce  the  depletion  width 
in  order  to  populate  additional  traps.  After  returning  to  the  quiescent  bias,  these  trapped 
electrons  arc  thermally  emitted  to  the  conduction  band  and  swept  out  of  the  depletion  layer. 
This  gives  rise  to  a  voltage  transient  in  the  constant-capacitance  mode  of  measurement. 
With  the  double-correlation  technique,  voltage  pulses  arc  applied  in  pairs,  with  adjacent 
pulses  set  at  different  amplitudes.  The  depths  Xpl  and  X  2  in  Fig-  1  designate  the  intercepts 
of  the  trap  level  with  Ep^  for  two  such  voltage  pulses.  1  he  interval  Xp]  <  X  <  Xp2  is  the 
spatial  observation  window,  which  can  be  shifted  in  depth  by  varying  die  reverse  bias  to 
obtain  defect  density  profiles. 

The  CC-DLTS  signal  is  obtained  by  forming  the  difference  of  the  applied  voltages 
measured  at  two  delay  times  tj  and  t2  after  a  charging  pulse.  For  an  exponential  transient 
response,  the  delay  times  define  an  emission  rate  constant  c0  which  is  given  by  the 

expression  c0  =  (t2-tj)'Mn(t2/tj).7  In  a  DLTS  spectrum  an  emission  peak  appears  at  that 
temperature  for  which  the  emission  rate  of  a  given  trap,  en,  equals  c0.  The  emission  rate 
constant  can  be  varied  to  obtain  the  emission  rate  over  a  range  of  temperatures.  Then  the 
activation  energy  for  thermal  emission  is  obtained  from  an  Arrhenius  analysis  of  the 
emission  rate,  which  from  considerations  of  detailed  balance  may  be  expressed  as 


cn  =  *n  vn  Nc  cxpH^-E^/kTI , 


(1) 


where  on  is  the  electron  capture  cross  section,  vn  is  the  mean  thermal  velocity  for  electrons, 
Nc  is  the  effective  density  of  states  in  the  semiconductor  conduction  band,  ^  is  the 
conduction-band  minimum,  k  is  Botzmann’s  constant,  and  1'  is  the  absolute  tcmpcrturc.  For 
defect  profiling  by  the  double-correlation  CC-DLTS  technique,  the  measurement  yields  a  net 
emission  signal  AVS  which  depends  on  the  average  trap  density  <Nt>  in  a  narrow  spatial 

observation  window,  V  *  X  *  xp2,  according  to  the  following  expression:9 

A  Vs  =  <q/2es)  [expC-e^j)  -  exp(-ent2)]  <Nt>  (Xp22  -  Xpl2) ,  (2) 

where  q  is  electronic  charge  and  es  is  the  permittivity  of  the  semiconductor.  The  CC-DLTS 
signal  for  uniform  charging  pulses  is  also  given  by  Eq.  (2)  with  Xp2  replaced  by  XD. 

EXPERIMENTAL  RESULTS 

For  n-type  silicon  DLTS  measurements  on  Schottky-barricr  diodes  can  detect  electron 
traps  in  the  upper  half  of  the  silicon  bandgap.  In  Fig.  2  arc  shown  three  electron  emission 
spectra  for  self-implanted,  laser-annealed  epitaxial  silicon.  The  three  emission  spectra  were 
recorded  with  different  spatial  intervals  for  trap  detection.  The  bounds  of  the  intervals 
quoted  in  the  figure  are  the  steady-state  depiction  widths  for  the  reverse  and  pulse  biases; 
the  widths  were  computed  from  measurements  of  the  high-frequency  device  capacitance. 
These  depletion  intervals  are  denoted  AWD  and  indicate  the  relative  depths  of  the 
observation  windows  for  the  three  spectra.  The  complete  spectrum  (solid  curve)  is  dominated 
by  three  defect  levels,  two  of  which  arc  located  near  the  middle  of  the  silicon  bandgap.  The 
emission  spectra  recorded  with  different  depletion  intervals  indicate  that  the  ratio  of  the 
concentrations  of  these  two  midgap  levels  varies  rapidiy  with  depth.  The  activation  energies 
were  computed  from  measurements  over  spatial  intervals  in  which  a  single  emission  peak 
dominated  the  spectrum.  The  activation  energy  for  the  high-temperature  peak  is  0.56  eV. 
The  spatial  separation  of  the  two  traps  is  primarily  due  to  a  rapid  decrease  with  distance  in 
the  concentration  of  the  shallower  of  the  two  midgap  levels.  The  spatial  separation  is  less 
complete  for  this  shallower  level  giving  rise  to  an  uncertainty  in  the  activation  energy  which 
is  found  to  be  -0.49  eV.  The  peak  emission  signal  for  the  0.49-cV  level  which  appears  in  the 
depletion  interval  nearest  the  surface  (dashed  curve)  corresponds  to  an  average  defect  density 
of  >1015  cm'3  in  a  trap  observation  window  of  -2500 -*3100  A.  The  third  dominant  emission 
peak  has  an  activation  energy  of  0.28  eV. 

The  effect  of  a  furnace  anneal  after  laser  irradiation  is  illustrated  in  Fig.  3.  The  results 
arc  from  specimens  on  epitaxial  silicon  which  were  first  self  implanted  and  laser  annealed 
and  then  furnace  annealed  at  600  and  800  C  before  metallization.  In  specimens  annealed  at 
600  C,  the  emission  spectrum  is  dominated  by  the  same  three  levels  shown  in  Fig.  2.  Except 
for  the  level  at  ~0.49  eV  there  is  little  change  in  the  trap  concentrations  after  a  600-C 
anneal.  This  level  has  significantly  decreased  in  density  relative  to  the  others,  for  a  near- 
surface  depletion  interval,  which  suggests  a  low  dissociation  energy  for  the  corresponding 
(unidentified)  defect  complex.  After  an  800-C  anneal,  all  defect  densities  arc  significantly 
reduced.  The  insert  in  Fig.  3  shows  the  spatial  distribution  of  the  defect  level  at  Kc-0.28  eV 
in  a  specimen  annealed  at  600  C.  The  profile  was  measured  by  the  double-correlation  CO- 
OH'S  technique.  The  horizontal  bars  mark  the  computed  intervals  over  which  the  average 
defect  concentrations  were  measured.  The  density  of  the  defect  level  decreases  rapidly  with 
depth.  Also  shown  in  the  insert  is  the  projected  range  for  Si+  implanted  at  77  kcV.30  This 
approximates  the  projected  range  of  silicon  for  the  actually  implanted  species,  SiH+,  if  it  is 
assumed  that  the  ionized  molecule  dissociates  into  silicon  and  hydrogen  atoms  at  die  silicon 
surface,  with  equal  particle  velocities  at  the  instant  of  separation. 

Czochralski-grown  silicon  yields  essentially  the  same  results  as  obtained  from  the 
epitaxial  material.  This  is  illustrated  in  Fig.  4.  ITic  self-implanted,  laser-annealed  specimen 


received  an  anneal  at  600  C.  The  emission  spectrum  is  dominated  by  the  levels  at  0.28  eV 
and  0.56  eV,  and  the  level  at  ~0.49  eV  appears  as  a  shoulder  on  the  high-temperature  peak. 
As  suggested  by  the  magnitudes  of  the  emission  signals,  the  trap  concentrations  are 
comparable  to  those  for  epitaxial  silicon  after  a  600-C  anneal  (Fig.  3).  Also  shown  with  the 
same  measurement  sensitivity  is  the  featureless  emission  spectrum  for  the  Czochralski-grown 
starting  material. 

The  electron  emission  spectrum  for  laser-annealed  specimens  which  are  not  subjected 
to  the  forming  gas  anneal  differs  from  those  shown  above.  The  results  presented  in  Figs.  2-4 
were  obtained  from  specimens  which  received  a  forming  gas  anneal  after  metallization.  A 
450-C  anneal  removes  many  damage-related  defect  complexes  in  silicon.11,12  Since  the 
samples  were  prepared  with  degenerately  doped  back  surfaces,  the  forming  gas  anneal  is  not 
required  to  establish  ohmic  back  contacts.  In  Fig.  5  are  shown  results  from  a  self-implanted, 
laser-annealed  specimen  on  Czochralski-grown  silicon.  The  two  high-temperature  peaks 
dominate  the  emission  spectrum,  with  the  level  at  0.56  eV  appearing  as  a  shoulder  on  the 
level  at  ~0.49  eV.  At  intermediate  temperatures  a  broad  emission  signal  of  reverse  polarity  is 
observed.  This  otherwise  anomolous  segment  of  the  spectrum  is  ascribed  to  a  high  trap 
concentration  near  the  silicon  surface  which  contributes  to  a  high  degree  of  charge 
compensation.  At  low  temperatures  a  new  emission  signal  is  detected.  The  activation  energy 
for  this  level  is  0.19  eV.  'ITiis  level  is  not  observed  in  the  starting  material  (the  spectrum  for 
which  is  also  shown  in  Fig.  5)  and  is  not  present  in  specimens  annealed  at  450  C  (Fig.  4); 
this  suggests  a  low  dissociation  energy  for  the  corresponding  defect  center.  Also  given  in  Fig. 
5  is  the  average  trap  density  in  the  specified  spatial  observation  window  for  the  level  at  Eq- 

0.19  eV.  This  defect  level  is  also  detected  in  as-lascr-annealcd  epitaxial  silicon.1* 

DISCUSSION  AND  CONCLUSIONS 

The  results  presented  in  the  previous  section  reveal  that  high  densities  of  elect 'on 
traps  remain  after  CW  laser-induced  rccrystallization  of  an  implanted  amorphous  layer.  The 
CC-DLTS  spectra  in  Figs.  2-4  are  dominated  by  three  electron  emission  peaks  with  thcnnal 
activation  energies  of  0.28,  ~0.49,  and  0.56  eV.  A  new  defect  level  at  0.19  eV  is  observed  in 
as-lascr-annealcd  silicon  (Fig.  5  and  Ref.  13);  this  level  is  not  detectable  after  a  450-C  anneal 
(Fig.  2).  The  level  at  0.28  eV  is  absent  in  the  as-lascr-annealcd  material  (Fig.  5);  its 
appearance  after  a  450-C  anneal  (Fig.  2)  indicates  a  reverse-annealing  behavior.  The  residual 
damage  is  only  partially  removed  by  a  600-C  anneal.  A  substantial  recovery  is  achieved  by 
an  anneal  at  800  C,  which  is  also  obtained  by  an  800-C  anneal  in  the  absence  of  laser 
annealing. 

The  implantation  and  measurement  conditions  were  such  that  the  detected  defect 
levels  were  located  several  thousand  Angstroms  below  the  implanted  amorphous  layer;  that 
is,  the  measured  defects  were  situated  in  material  which  was  not  driven  amorphous  by  ion 
implantation.  These  defects  may  be  considered  part  of  the  nominally  Gaussian  damage 
profile  which  extends  into  the  silicon  substrate.  1'hc  arrangement  is  illustrated  in  the  insert  in 
Fig.  3,  which  shows  the  rapid  decrease  with  depth  in  the  density  of  the  level  at  F^-0.28  eV. 
Also  shown  in  the  insert  is  the  projected  range  for  tire  self-implanted  silicon.  The  implanted 
amorphous  layer  extends  to  a  depth  comparable  to  the  projected  range.  The  minimum  depth 
for  defect  profiling  is  determined  by  the  zero-bias  depletion  width  so  that  defect  centers 
immediately  adjacent  to  the  silicon  surface  cannot  be  analyzed.  However,  the  measured 
defect  levels  include  those  which  would  extend  into  the  depletion  layer  of  a  p-n  junction 
device  if  a  shallow  dopant  was  implanted  instead  of  silicon  ions  (c.g.,  if  P  or  As  ions  were 
implanted  into  p-type  silicon).  The  two  midgap  defect  levels  which  dominate  the  electron 
emission  spectra  in  Figs.  2-5  should  serve  as  efficient  charge  generation  centers  in  the 
depletion  layer  of  a  reverse  biased  p-n  junction,  giving  rise  to  large  leakage  currents.  On  the 
other  hand,  since  only  the  surface  layer  of  the  silicon  is  raised  to  high  temperatures  during 
laser  annealing,  junction  fabrication  docs  not  entail  any  degradation  of  the  bulk  electrical 


properties,  thereby  minimizing  the  diffusion-current  contribution  to  the  reverse-bias  leakage 
current.  The  relative  significance  of  these  two  counteractive  features  of  CW  laser  annealing 
would  depend  on  details  of  junction  fabrication. 

ACKNOWLEGDEMENT 

The  authors  express  their  appreciation  to  M.  Schulz  for  helpful  discussions  and  thank 
R.  Giles  for  assistance  with  sample  preparation.  The  work  at  Stanford  University  was  funded 
by  ARPA  Contract  DAHC  MDA  903-78-C-0128. 

REFERENCES 

1.  G.  A.  Kachurin,  E  V.  Nidaev,  A.  V.  Khodyachikh,  and  L.  A.  Kovaleva,  Sov.  Phys. 
Scmicond.  10,  1128  (1976). 

2.  A.  Gat,  J.  F.  Gibbons,  T.  J.  Magee,  J.  Peng,  V.  Deline,  P.  Williams,  and  C.  A.  Evans, 
Jr„  AppL  Phys.  Lett.  32.  276  (1978). 

3.  D.  H.  Auston,  J.  A.  Golovchenko,  P.  R.  Smith,  C.  M.  Surko,  and  T.  N.  C. 
Venkatesan.  Appl.  Phys.  Lett.  33,  539  (1978). 

4.  J.  S.  Williams,  W.  L.  Brown,  H.  J.  Leamy,  J.  M.  Poate,  J.  W.  Rodgers,  D.  Rousseau, 
G.  A.  Rozgonyi,  J.  A.  Shelnutt,  and  T.  T.  Sheng,  Appl.  Phys.  Lett.  33,  542  (1978). 

5.  A.  Gat,  J.  F.  Gibbons,  and  A.  Lictoila,  J.  Appl.  Phys.,  (accepted  for  publication). 

6.  A.  Gat  and  J.  F.  Gibbons,  Appl.  Phys.  Lett  32,  142  (1978). 

7.  D.  V.  Lang,  J.  Appl.  Phys.  45.  3014  &  3023  (1974). 

8.  H.  Lefevre  and  M.  Schulz,  Appl.  Phys.  12,  45  (1977). 

9.  N.  M.  Johnson,  D.  J.  Bartelink,  R.  B.  Gold,  and  J.  F.  Gibbons,  (submitted  for 

publication). 

10.  J.  F.  Gibbons,  W.  S.  Johnson,  and  S.  W.  Mylroie,  Projected  Range  Statistics. 
Semiconductors  and  Related  Materials.  2nd  Ed,  (Halstcd  Press,  New  York,  1975). 

11.  LC.  Kimerling  and  J.  M.  Poate,  Lattice  Defects  in  Semiconductors.  1974  (Institute  of 
Physics,  London,  1975),  p.  126. 

12.  L.  C.  Kimerling.  IEEE  Trans.  Nucl.  Sci.  NS-23.  1497  (Dee.  1976). 

13.  N.  M.  Johnson,  R.  B.  Gold,  and  J.  F.  Gibbons,  Appl.  Phys.  Lett.,  (accepted  for 
publication). 


FIGURE  CAPTIONS 


Schematic  energy-band  diagram  for  a  Schottky-barrier  structure  on  an  n-type 
semiconductor. 


CC-DLTS  spectra  for  electron  emission  in  self-implanted,  CW  laser-annealed 
epitaxial  silicon. 


Electron  emission  spectra  for  epitaxial  silicon  which  was  furnace  annealed  after 
self  implantation  and  CW  laser  annealing.  The  insert  shows  the  defect  density 
profile  for  the  level  at  Eq-0.28  eV  in  a  600-C  annealed  specimen. 


Electron  emission  spectrum  for  Cz-grown  silicon  which  was  annealed  at  600  C 
after  self  implantation  and  CW  laser  annealing. 


Electron  emission  spectrum  for  self-implanted.  CW  lascr-anncalcd  Cz-grown 
silicon.  The  sample  did  not  receive  a  450-C  anneal  after  metallization. 
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Deep  levels  in  scanned  electron-beam  annealed  silicon 
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Electronic  defect  levels  in  scanned  electron-beam  annealed  (SEBA)  silicon  have  been  measured 
by  deep-level  transient  spectroscopy.  In  As*-implanted  p-n  junctions,  hole-trap  densities  in  the 
10l3-cm'3  range  have  been  achieved  with  the  dominant  levels  energetically  situated  for  inefficient 
charge  generation  and  recombination.  In  Schottky  diodes  on  unimplanted  silicon,  SEBA-induced 
electron  traps  have  been  detected  with  principal  levels  at  Ec  —0.19  eV  and  Ec  —0.44  eV;  the 
defect  densities  decrease  exponentially  with  distance  from  the  beam-annealed  surface.  Both  levels 
are  ascribed  to  vacancy-impurity  complexes  (e.g.,  the  0.44-eV  level  identifies  the  P-  V center),  and 
a  simple  vacancy-diffusion  model  is  proposed  to  explain  the  defect  distributions. 

PACS  numbers:  71.55.Fr,  72.20.Jv,  61.70.Tm 

It  has  been  demonstrated  that  a  scanned  electron  beam  stantially  the  same  results  as  obtained  when  using  a 
can  be  used  to  anneal  ion-implantation  damage  in  silicon,  commercial  electron-beam  welder  to  anneal  As*-implanted 

with  results  that  are  substantially  identical  to  those  obtained  silicon. 1  The  above  studies  clearly  identify  scanned  electron- 

with  a  scanning  cw  laser. 1  More  recently,  it  has  been  demon-  beam  annealing  (SEBA),  and  in  particular  SEM  annealing, 

started  that  with  a  commercial  scanning  electron  micro-  as  a  potentially  powerful  processing  technique  for  fabricat- 

scope  (SEM),  modified  for  high-current  operation,  anneal-  ing  fine-feature  silicon  devices.  In  this  letter,  results  are  pre- 

ing  can  be  performed  with  submicron  spatial  resolution.2  sented  from  a  deep-level  spectroscopic  study  of  residual 
Detailed  studies  of  the  physical  properties  of  arsenic-im-  point  defects  in  SEB  A-processed  silicon.  Similar  studies  on 

planted  silicon  have  demonstrated  the  following  features  of  self-implanted  cw  laser-annealed  silicon  have  revealed  high 

SEM  annealing2"4:  ( 1 )  The  entire  implanted  amorphous  lay-  densities  of  deep  levels,  as  compared  to  specimens  receiving  a 

er  is  recrystallized,  with  the  annealed  layer  displaying  a  conventional  furnace  anneal.3  6  In  the  present  study,  point 

structural  integrity  comparable  to  that  of  the  starting  mate-  defects  remaining  after  SEBA  processing  were  measured  in 

rial,  (2)  there  is  no  significant  dopant  redistribution,  which  is  As*-implanted  p-n  junction  diodes  and  in  unimplanted  n- 

consistent  with  solid-phase  epitaxial  regrowth  of  the  amor-  type  Schottky  diodes. 

phous  layer,  and  (3)  the  electron  mobility  displays  the  pre-  The  test  devices  were  fabricated  on  ( 100)-oriented, 

dieted  dependence  on  dopant  concentration.  These  are  sub-  Czochralski-grown  silicon.  The  back  surface  of  the  silicon 

wafers  was  implanted  with  the  substrate  dopant,  which  was 

_ _  electrically  activated  with  an  anneal  at  800  ’C  (30  min,  N2), 

‘’Consultant  to  the  Xerox  Corporation.  in  order  to  produce  a  degenerately  doped  layer  for  Ohmic 

'"Present  address:  Centro  Atomico-  -8400  Bariloche,  Argentina.  contact.  To  further  facilitate  electrical  connection  to  the 
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CC-OLTS  Signal  (mV) 


TABLE  I.  System  parameters  for  scanned  electron-beam  annealing. 


Welder 

SEM 

Electron  energy  (keV) 

31 

20 

Beam  current  (/iA) 

300-400 

Scan  rate  (cm/sec) 

20 

10* 

Beam  diameter  ifim) 

<300" 

10 

Scan-line  separation  (ftm) 

<  100 

1.25 

’Line  scan  in  SEM. 

"A  single  scan  line  of  annealed  Si  was  100 //m  wide. 


back  contact,  aluminum  films  were  vacuum  evaporated  over 
the  back  surface  of  the  wafers  and  then  sintered  at  450  °C  (30 
min,  forming  gas).  Preparation  of  back  contacts  was  com¬ 
pleted  prior  to  front  surface  processing.  For  p-n  junctions, 
As*  was  implanted  (100  keV,  5  X 1014  cm'2)  into  /Hype  (B- 
doped,  1-3  (l  cm)  silicon.  The  ion  energy  and  dose  were 
sufficient  to  drive  the  silicon  surface  amorphous  to  a  depth  of 
approximately  1000  A.  Scanned  electron-beam  annealing, 
performed  with  both  a  commercial  electron-beam  welder1 
and  a  scanning  electron  microscope,2  3  was  used  to  recrystal¬ 
lize  the  amorphous  layer  and  activate  the  implanted  arsenic. 
The  parameters  of  the  SEBA  systems  are  summarized  in 
Table  I;  the  substrates  were  maintained  at  room  temperature 
during  annealing.  The  p-n  junction  diodes  were  completed 
by  depositing  aluminum  over  the  front  surface  and  using 
conventional  photolithographic  and  plasma-etching  tech¬ 
niques  to  define  a  mesa  structure.  The  Schottky  diodes  were 
prepared  on  n-type  (P-doped,  1-3 O  cm)  silicon  and  received 
no  front-surface  ion  implantation.  After  SEBA  processing, 
aluminum  films  were  deposited,  and  photolithography  was 
used  to  define  the  Schottky  contact.  For  control  devices,  p-n 
junction  diodes  received  a  furnace  anneal  at  1000  °C  (30  min, 
N2)  after  As*  implantation,  and  the  SEBA  step  was  omitted 
in  the  fabrication  of  Schottky  diodes. 

Deep-level  transient  spectroscopy  (DLTS)7  was  used  to 


FIG  I  CC-DLTS  spectra  for  hole  emission  in  As'-implanted  scanned  clec- 
t row  hum  annealed  silicon.  The  spectrum  for  a  furnace-annealed  p-n  innc- 

noa  dnde  n  alio  shown. 
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FIG.  2.  Spatial  depth  profile  of  the  defect  level  at  E  +0.28  eV  in  As'- 
implanted  scanned  electron-beam  annealed  silcon. 


evaluate  the  above  devices.  The  measurement  provided  both 
trap  emission  spectra  and  spatial  depth  profiles  of  selected 
defects  and  was  performed  in  the  constant-capacitance 
mode  (CC-DLTS),  which  is  particularly  applicable  when 
measuring  trap  densities  comparable  to  the  shallow  dopant 
concentration.568 

CC-DLTS  spectra  are  shown  in  Fig.  1  for  hole  emission 
in  As'-implanted  p-n  junction  diodes.  Spectra  were  record¬ 
ed,  with  the  same  emission  rate  window  en,  for  diodes  which 
were  SEBA  processed  with  the  electron-beam  welder  and 
SEM  and  for  a  furnace-annealed  control.  The  activation  en¬ 
ergies  for  hole  emission  were  obtained  from  an  Arrhenius 
analysis  of  the  emission  rate;  the  quoted  energies  have  been 
corrected  for  the  assumed  temperature-squared  dependence 
of  the  preexponential  factor  in  the  emission  coefficient.8  The 
hole  trap  at  0.28  eV  dominates  the  emission  spectra  in  the 
SEBA-processed  diodes,  with  an  additional  peak  appearing 
at  0.36  eV  in  the  SEM-annealed  sample.  Neither  level  ap¬ 
pears  in  the  control  device.  The  defect  at  0.28  eV  is  present  in 
comparable  densities  in  the  SEM-  and  welder-annealed  di¬ 
odes.  The  spatial  depth  profile  of  this  level  is  shown  in  Fig.  2. 
The  profile  is  measured  relative  to  the  metallurgical  junc¬ 
tion,  which  is  estimated  to  be  1 500  A  below  the  silicon  sur¬ 
face.  The  horizontal  bars  mark  the  spatial  intervals  over 
which  average  defect  densities  were  measured,  and  the  verti¬ 
cal  bars  arise  from  uncertainty  in  the  measured  signal.  De¬ 
termination  of  the  spatial  intervals  depends  on  the  net  do¬ 
pant  concentration8,  which  is  less  certain  near  the  junction, 
as  signified  by  the  dashed-line  segment  of  the  defect  distribu¬ 
tion.  The  defect  density  remains  in  the  10l3-cm'3  range  to 
greater  than  a  micron  below  the  junction. 

Unimplanted  Schottky  diodes  were  used  to  investigate 
SEBA-induced  defects  in  n-type  silicon.  The  diodes  received 
the  same  beam-annealing  schedule  used  to  recrystallize  As'- 
implanted  amorphous  layers.  In  Fig.  3  the  electron  emission 
spectrum  for  a  SEBA-annealed  diode  is  compared  to  that  for 
unannealed  material.  The  spectrum  for  beam-annealed  sili¬ 
con  is  dominated  by  two  emission  peaks  with  activation  en¬ 
ergies  of  0. 1 9  and  0.44  (  +  0.0 1 )  eV.  Shoulders  on  both  peaks 
indicate  additional  unresolved  emission  centers;  the  shoul- 
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FIG.  3.  CC-DLTS  spectrum  for  electron  emission  in  unimplanted  scanned 
electron-beam  annealed  silicon.  Also  shown  is  the  spectrum  for  the  unan¬ 
nealed  material. 

der  on  the  0.44-e V  peak  is  less  pronounced  in  spectra  record¬ 
ed  nearest  the  Si  surface,  where  the  trap  density  is  largest  (see 
Fig.  4),  thus  permitting  an  accurate  determination  of  energy. 
In  the  unannealed  control,  no  emission  peaks  are  detectable 
on  the  indicated  scale  of  sensitivity.  The  spatial  distributions 
of  the  principal  SEBA-induced  levels  are  shown  in  Fig.  4;  the 
densities  have  not  been  corrected  for  contributions  from  the 
unresolved  secondary  peaks.  The  densities  of  both  defects 
decrease  exponentially  with  distance  from  the  electron-irra¬ 
diated  surface,  over  the  investigated  range,  with  the  mini¬ 
mum  depth  set  by  the  zero-bias  depletion  width  of  the 
Schottky  diode. 

The  hoi'  emissio  n  centers  detected  in  SEBA-processed 
p-n  junc  :  >n  diodes  (Fig.  1)  can  be  tentatively  identified 
based  on  previous  studies  of  point  defects  in  silicon.  The  level 
at  0.28  eV  matches  within  experimental  error  (  ±  0.01  eV)  a 
defect  state  at  0.27  eV,  which  has  been  assigned  to  interstitial 
carbon.9  The  hole  trap  at  £,.  +0.36  eV  has  been  assigned  to 
the  defect  complex  consisting  of  substitutional  carbon  adja¬ 
cent  to  interstitial  carbon.910  In  the  present  study,  the  two 
defects  reveal  an  incomplete  removal  of  ion-implantation 
damage  by  SEBA  processing.  As  evident  in  Fig.  2,  the  mea¬ 
sured  defects  reside  in  material  that  was  not  driven  amor¬ 
phous  by  ion  implantation,  since  the  metallurgical  junction 
is  necessarily  located  beneath  the  initially  amorphous  layer. 
For  silicon  device  applications,  an  encouraging  feature  is  the 
low  density  of  defect  levels  near  midgap,  where  they  are  most 
efficient  as  charge  generation  and  recombination  centers  ac¬ 
cording  to  Shockley-Reed-Hall  theory. 1 1  A  study  is  planned 
to  evaluate  residual  defects  from  SEBA  processing  with 
heated  substrates.  In  addition,  it  has  been  shown  in  cw  laser- 
annealed  diodes  that  the  0.28-eV  hole  trap  is  removed  by  a 
furnace  anneal  at  450  ’C.12 

The  results  presented  in  Figs.  3  and  4  provide  the  first 
experimental  evidence  of  SEBA-induced  defects  in  silicon. 
The  basic  mechanism  leading  to  defect  formation  may  differ 
from  that  giving  rise  to  point  defects  during  MeV-electron 
irradiation;  specifically,  localized  heating  and  rapid  quench¬ 
ing,  rather  than  collisional  displacement  of  lattice  atoms, 
may  provide  the  stimulus  for  defect  formation  during  elec¬ 
tron-beam  annealing.  We  propose  that  the  measured  defect 


distributions  (Fig.  4)  arise  from  the  thermal  generation  of 
vacancies,  and  their  subsequent  diffusion  and  capture  by  im¬ 
purities  to  form  immobile  vacancy-impurity  complexes.  The 
0.44-eV  level  identifies  the  phosphorus-vacancy  complex.9 
We  suggest  that  the  0. 19-eV  level  is  a  multidefect  complex 
involving  the  lattice  vacancy  and  oxygen.  This  level  is  ob¬ 
served  in  ion-implanted  cw  laser-annealed  silicon  and  is  re¬ 
moved  by  a  450  °C  furnace  anneal.5  6  The  absence  of  diva¬ 
cancies,  with  states  at  Ec  —0.23  eV  and  Ec  —0.41  eV,9  is 
consistent  with  impurity-dominated  trapping  kinetics. 

The  essential  features  of  the  vacancy-diffusion  model 
can  be  illustrated  by  considering  the  idealized  case  in  which 
an  intense  electron  beam  elevates  the  silicon  surface  region 
to  a  sufficiently  high  temperature  for  significant  vacancy 
generation.  The  surface  then  serves  as  the  principal  source 
for  vacancy  diffusion  into  the  substrate,  where  vacancies  are 
trapped  with  the  formation  of  immobile  defect  complexes. 
With  the  assumptions  that  the  vacancy  diffusivity  D,  is  a 
constant  and  the  trapping  rate  is  first  order,  the  vacancy 
concentration  C,  must  satisfy  the  following  continuity  equa¬ 
tion  in  the  substrate, 


dc„  n  a2c„  c, 

dt  '  dx 2  r,  ’ 


(1) 


where  r„  is  the  vacancy  lifetime,  the  reciprocal  of  which 
equals  the  sum  of  the  reciprocal  lifetimes  due  to  separate 
impurity  trapping  centers.  For  typical  electron-beam  dwell 
times  of  the  order  of  1  msec,  we  sol  ve  Eq.  ( 1 )  for  the  steady- 
state  vacancy  distribution,  with  the  vacancy  concentration 
at  the  surface  denoted  by  C,0  and  C,  -*0  deep  in  the  sub¬ 
strate:  C„(x)  =  C,0  exp(  —  x //,,),  where  the  vacancy  diffu¬ 
sion  length  L,,  ==(/>,. r,.)'/2.  The  defect  distributions  should 
reflect  the  exponential  variation  of  the  vacancy  concentra¬ 
tion,  with  a  decay  length  L,, .  Within  the  accuracy  of  the  two 
measured  distributions  (Fig.  4)  the  decay  lengths  are  equal, 
with  a  value  of  860  A  obtained  from  the  0. 19-eV  profile.  A 
comparable  vacancy  diffusion  length  has  been  reported  from 
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FIG  4.  Spatial  depth  profiles  of  the  defect  levels  at  E,  -0.  Id  eV  and 
E \  -0.44  eV  in  unimplanted  scanned  electron-beam  annealed  silicon. 


427 


Appl.  Phyr  Lett..  Vol.  36.  No  6. 15  March  1980 


Johnson  eta / 


427 


proton-enhanced  diffusion  studies  in  silicon. 13  For  an  esti¬ 
mated  vacancy  diffusivity  of  10"1  cmVsec,13 14  the  vacancy 
lifetime  is  —0.1  n sec,  which  justifies  the  steady-state  formu¬ 
lation.  A  more  detailed  analysis  of  beam-induced  defects  will 
be  presented  elsewhere. 
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A  COMPARISON  OF  ION-IMPLANTATION  INDUCED  DEEP  LEVELS 
IN  SCANNED  ELECTRON-BEAM  ANNEALED  AND  CW  LASER- 

ANNEALED  SILICON 

N.  M.  Johnson,  D.  J.  Bartelink,  and  M.  D.  Moyer 
Xerox  Palo  Alto  Research  Center 
Palo  Alto,  California 

J.  F.  Gibbons,  A.  Lietoila,  K.  N.  Ratnakumar,  and  J.  L.  Regolini 
Stanford  Electronics  Laboratories 
Stanford,  California 

Electronic  defect  levels  in  scanned  electron-beam  annealed 
and  CW  laser  annealed  p-n  junction  diodes  on  silicon  have  been 

measured  by  deep-level  transient  spectroscopy.  In  As  +  - implanted 
diodes,  the  dominant  hole  trap  appears  at  E \j  +  0.28  eV,  with  a 

second  major  level  at  E y  +  0.36  eV.  The  densities  of  both  defects 

remain  in  the  1013-cm~3  range  to  depths  of  greater  than  1  \im 
below  the  junction.  Both  levels  are  tentatively  identified  with 
carbon  complexes  in  silicon.  A  450-C  furnace  anneal  removes  the 
hole  trap  at  0.28  eV  and  reveals  an  electron  trap  at  Eq-0.28  eV  in 

the  near  junction  region.  The  reverse-bias  leakage  current  is 
also  significantly  reduced  by  the  furnace  anneal.  The  hole 
trap  is  not  removed  by  C\N  laser  annealing  with  the  substrate 
heated  to  350  C. 

I.  INTRODUCTION 

It  has  been  demonstrated  that  both  a  CW  laser  beam  (1-2)  and 
a  scanned  electron  beam  (3)  can  be  used  to  anneal  Ion 
Implantation  damage  in  silicon.  With  both  forms  of  beam 
annealing,  the  processed  silicon  displays  the  following  properties 
(2-5):  (1)  the  entire  implanted  amorphous  layer  is  recrystallized, 
with  the  annealed  layer  displaying  a  structural  perfection 
comparable  to  that  of  the  starting  material;  (2)  there  is  no 
significant  dopant  redistribution,  which  is  consistent  with  solid- 
phase  epitaxial  regrowth  of  the  amorphous  layer;  and  (3)  the 
electron  mobility  displays  the  predicted  dependence  on  dopant 
concentration.  These  results  show  that  CW  beam  annealing  is  a 
potentially  powerful  processing  technique  for  silicon  1C 
technology.  In  this  paper,  results  are  presented  from  a  study  of 


residual  point  defects  in  CW  beam  processed  silicon.  Similar 
studies  on  self-implanted  CW  laser-annealed  silicon  have  revealed 
high  densities  of  deep  levels,  as  compared  to  specimens  receiving 
a  conventional  furnace  anneal  (6).  In  the  present  study,  point 

defects  were  measured  in  As +  -implanted  p-n  junction  diodes 
which  were  processed  with  either  a  scanned  electron  beam  or  a 
CW  laser. 

II.  EXPERIMENT 

The  p-n  junction  diodes  were  fabricated  on  B-doped  (1-3  Q-cm) 
(100) -oriented  Czochralski-grown  silicon.  To  obtain  Ohmic 
contact,  boron  was  implanted  into  the  back  surface  of  the  silicon 
wafers  and  electrically  activated  with  an  anneal  at  800  C  (30  min.). 
The  degenerately  doped  back  surface  was  then  coated  with 
aluminum  and  sintered  (450  C,  30  min.).  Preparation  of  back 
contacts  was  completed  prior  to  front  surface  processing.  To  form 

p-n  junctions,  As+  was  implanted  into  the  front  surface  at  100  keV 

to  a  dose  of  5  x  1014  cm'2,  which  drives  the  silicon  amorphous  to 
a  depth  of  approximately  1000  A.  Both  scanned  electron-beam 
annealing  and  CW  laser  annealing  were  used  to  recrystallize  the 
amorphous  layer  and  activate  the  implanted  arsenic.  Scanned 
electron-beam  annealing  was  performed  with  both  a  commercial 
electron-beam  welder  (3)  and  a  scanning  electron  microscope 
(SEM),  which  was  modified  for  high-current  operation  (4).  For 
electron-beam  annealing,  the  system  parameters  were  as  follows: 
for  the  welder  the  electron  energy  was  31  keV,  the  beam  current 
was  300-400  pA,  the  scan  rate  was  20  cm/sec,  the  beam  diameter 
was  <300  pm,  and  the  scan-line  separation  was  <100  /im.  With  the 
SEM  the  energy  was  20  keV,  the  current  was  50-70  pA,  the  line 
scan  was  10  cm/sec,  the  beam  diameter  was  ~10  pm,  and  the 
scan-line  separation  was  0.25  urn.  Laser  anneals  were  performed 
with  the  scanned  and  focused  beam  from  a  CW  argon-ion  laser. 
For  anneals  with  the  substrate  at  room  temperature,  the  beam 
power  was  9.75  W,  the  beam  diameter  was  30  p m,  the  scan  rate 
was  0.75  cm/sec,  and  the  scan-line  separation  was  10  ;-.m.  For 
laser  anneals  with  the  substrate  held  at  350  C,  the  beam  power 
was  11.5  W,  the  beam  diameter  was  80  pm,  the  scan  rate  was  5 
cm/sec,  and  the  scan-line  separation  was  30  pm.  The  beam 
powers  quoted  above  are  typically  ~90%  of  those  required  to  melt 
the  silicon  surface,  and  the  lateral  uniformity  of  the  anneals  was 
confirmed  from  Nomarski  mterference  microscopy.  After  beam 
processing,  the  p-n  junction  diodes  were  completed  by  vacuum 
evaporating  aluminum  over  the  front  surface  and  using 
conventional  photolithography  and  plasma  etching  to  define  a 
mesa  structure. 
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The  above  test  devices  were  evaluated  with  deep-level 
transient  spectroscopy  (DLTS)  (7).  The  measurement,  performed 
in  the  constant-capacitance  mode  (CC-DLTS),  provided 
temperature  spectra  for  thermal  emission  of  trapped  charge  and 
spatial  depth  profiles  of  selected  defects.  Details  of  the 
measurement  and  analysis  are  presented  elsewhere  (8). 

III.  RESULTS 

CC-DLTS  spectra  are  presented  in  Fig.  1  for  hole  emission  in 
scanned  electron-beam  annealed  diodes.  Spectra  were  recorded, 
with  the  same  emission  rate  window  e0,  for  diodes  which  were 

processed  with  the  electron-beam  welder  and  the  SEM;  the 
spectrum  for  a  furnace-annealed  control  is  also  shown.  In 
parentheses  are  listed  the  activation  energies  obtained  from  an 
Arrhenius  analysis  of  the  emission  rate  (8).  The  hole  trap  at  0.28 
eV  dominates  the  emission  spectra,  with  an  additional  peak 
appearing  at  0.36  eV  in  the  SEM-annealed  diode.  In  the  furnace 
annealed  diode,  no  emission  peaks  are  detectable  on  the  indicated 
scale  of  sensitivity.  The  defect  at  0.28  eV  is  present  in  comparable 
densities  in  both  electron-beam  annealed  diodes.  In  the  present 
study,  emission  peak  intensities  varied  by  a  factor  of  2  -*•  3  for 
diodes  prepared  by  the  same  processing  techniques  but 
processed  at  different  times. 

The  spectrum  for  a  welder-annealed  diode  is  shown  in  Fig.  2. 
Here,  the  spectrum  is  dominated  by  the  peak  at  0.36  eV.  The 
scale  of  sensitivity,  and  the  volume  of  sampled  material,  is  the 
same  as  in  the  previous  figure,  which  indicates  that  the  defects  are 
present  in  comparable  densities.  The  spatial  depth  profile  of  the 
0.36-eV  level  is  shown  in  Fig.  3.  The  profile  is  measured  relative  to 
the  metallurgical  junction,  which  is  estimated  to  be  1500  A  below 
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FIGURE  1.  Hole  emission 

spectra  for  As  +  -implanted  p- 
n  junction  diodes  which  were 
SEM,  e-beam  welder,  and 
furnace  annealed. 


•0  100 


ISO 


300 


250 


300  330 


FIGURE  2.  CC-DLTS  spec¬ 
trum  for  hole  emission  in 
an  e-beam  welder  annealed 
diode. 


the  silicon  surface.  The  horizontal  bars  mark  the  spatial  intervals 
over  which  average  defect  densities  were  measured,  and  the 
vertical  bars  signify  uncertainty  in  the  measured  signal  (8). 
Determination  of  the  spatial  intervals  depends  on  the  net  dopant 
concentration  (8)  which  is  uncertain  near  the  junction,  as  signified 
by  the  dashed-line  segment  of  the  defect  distribution.  The  defect 

density  remains  in  the  1013-cm"3  range  to  greater  than  1  jim  below 
the  junction. 

Trap  emission  spectra  for  CW  laser  annealed  diodes  are  shown 
in  Fig.  4.  The  spectrum  in  Fig.  4  (a)  was  obtained  from  a  diode 
which  was  laser  annealed  with  the  substrate  maintained  at  room 
temperature.  The  spectrum  consists  of  the  hole  emission  center  at 
Ey  +  0.28  eV  and  a  broad  emission  peak  of  reverse  polarity  near 


room  temperature.  In  a  p-n  junction  diode,  the  reverse  polarity 
signifies  minority  carrier  emission  (7),  which  in  this  case  arises 
from  electron  emission  from  traps  in  the  lower  half  of  the  silicon 
bandgap.  The  observation  of  a  similar  broad  emission  of  reverse 


FIGURE  3.  Spatial  depth 
profile  of  the  defect  level  at 

E\j+  0.36  eV. 
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FIGURE  4.  CC-DLTS  emis¬ 
sion  spectra  for  CW  laser 
annealed  diodes.  In  (a)  the 
diode  received  only  the  laser 
anneal,  and  in  (b)  the  diode 
also  received  a  450-C  furnace 
anneal. 


polarity  in  furnace  annealed  control  diodes  (e.g.,  Fig.  1)  as  well  as 
in  beam-processed  diodes  suggests  that  the  electron  emission  is 
due  in  part  to  edge  effects  in  the  mesa  structure.  However,  from 
Fig.  4  it  is  evident  that  the  electron  emission  arises  largely  from  the 
properties  of  the  junction  itself.  Figure  4  (b)  shows  the  spectrum 
for  a  diode  which  was  processed  simultaneously  with  that  of  Fig.  4 
(a)  except  for  the  addition  of  a  450-C  furnace  anneal  which  was 
performed  immediately  after  CW  laser  annealing.  Both  diodes 
were  then  aluminum  metallized  and  plasma  etched  to  define  the 
mesa  diodes  so  that  the  edges  received  identical  treatment.  It  is 
seen  in  Fig.  4  (b)  that  the  hole  trap  at  0.28  eV  is  absent  and  the 
broad  emission  near  room  temperature  has  been  significantly 
reduced  in  intensity.  In  addition,  a  new  electron  emission  peak 
appears  corresponding  to  an  electron  trap  at  Eq-0.28  eV.  The 

electron  emission  intensity  is  slightly  enhanced  by  using  a  forward- 
bias  voltage  pulse  for  trap  filling  which  injects  electrons  (minority 
carriers)  into  the  substrate.  This  suggests  that  the  electron  traps 
are  located  near  the  metallurgical  junction.  This  new  electron 
emission  peak  appears  at  nearly  the  same  temperature  as  the  hole 
emission  peak  and  apparently  is  masked  by  the  more  intense  hole 
emission  in  Fig.  4  (a).  The  removal  of  the  hole  trap  at  Ey  +  0.28  eV 

uncovers  the  residual  electron  trap,  which  requires  higher  anneal 
temperatures  for  removal  (6). 

The  observed  reduction  in  defect  density  is  accompanied  by  a 
decrease  in  the  reverse-bias  leakage  current  for  the  above  diodes, 
as  shown  in  Fig.  5.  The  mesa  diode  is  a  poor  test  device  for 
leakage-current  measurements  because  of  the  exposed  p-n 
junction  which  gives  rise  to  large  surface  leakage  currents  that  are 
sensitive  to  surface  preparation.  However,  the  identical 
processing  received  by  the  above  CW  laser  annealed  diodes 
permits  a  meaningful  comparison  of  the  relative  magnitudes  of  the 
leakage  currents.  As  shown  in  Fig.  5,  the  low-temperature  furnace 
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FIGURE  5.  Reverse-bias 
leakage  current  for  CW  laser 
annealed  (mesa)  diodes. 


anneal  produces  a  significant  improvement  in  the  reverse  current- 
voltage  characteristics  of  the  diodes. 

The  observed  reduction  in  defect  density  realized  by  a  450-C 
furnace  anneal  after  laser  annealing  suggests  that  a  similar 
reduction  should  be  achievable  by  laser  annealing  with  a  heated 
substrate.  Results  are  presented  in  Fig.  6  for  a  diode  which  was 
CW  laser  annealed  at  a  substrate  temperature  T5  of  350  C.  The 

spectrum  displays  the  same  features  as  in  Fig.  4  (a).  The 
dominant  feature  is  the  hole  trap  at  Ey  +  0.28  eV;  also  evident  is 

the  broad  electron  emission  near  room  temperature.  As  remarked 
earlier,  a  factor  of  2  -*•  3  in  peak  intensity  represents  the  degree  of 
reproducibility  at  the  present  state-of-the-art  in  beam  processing 
so  that  from  Figs.  4  (a)  and  6  it  can  only  be  concluded  that  the 
0.28-eV  level  is  present  in  comparable  densities  in  diodes  CW  laser 
annealed  with  Ts  equal  to  room  temperature  and  350  C. 


FIGURE  6.  Hole  emission 
spectrum  for  a  diode  CW  laser 
annealed  with  T$  =  350  C. 


IV.  DISCUSSION  AND  CONCLUSIONS 
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Previous  work  on  point  defects  in  silicon  provide  tentative 
identifications  for  the  trap  emission  centers  observed  in  the 
present  study.  The  hole  trap  at  Ey  +  0.28  eV  matches  within 

experimental  error  (±0.01  eV)  a  defect  state  at  0.27  eV  which  has 
been  assigned  to  interstitial  carbon,  and  the  hole  trap  at  Ey  +  0.36 

eV  has  been  assigned  to  the  C|-Cs  complex  (9).  The  electron  trap 
at  Eq-0.28  eV  has  not  been  microscopically  identified,  but  it  has 

been  previously  observed  in  ion  implantation  and  laser  annealing 
studies  in  silicon  (6,8).  The  broad  electron  emission  signal 
observed  near  room  temperature  has  not  been  identified. 

From  the  present  study  it  is  concluded  that  the  same  defect 

levels  are  present  in  comparable  densities  in  As + -implanted 
diodes  which  are  annealed  with  either  a  scanned  electron  beam  or 
a  CW  laser.  The  hole  and  electron  traps  reveal  an  incomplete 
removal  of  ion-implantation  damage  by  beam  processing.  As 
evident  in  Fig.  3,  the  measured  defects  reside  in  material  that  was 
not  driven  amorphous  by  ion  implantation,  since  the  metallurgical 
junction  is  necessarily  located  beneath  the  initially  amorphous 
layer.  For  silicon  device  applications,  encouraging  observations 
are  the  removal  of  the  0.28-eV  hole  trap  and  the  reduction  in 
reverse-bias  leakage  current  by  a  furnace  anneal  at  450  C,  which 
is  compatible  with  present  Si  1C  processing  procedures.  Studies 
are  in  progress  to  evaluate  residual  defects  in  silicon  for  beam 
processing  over  a  range  of  substrate  temperatures  and  to 
characterize  defects  in  oxide-passivated  silicon  diodes. 
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Scanning  cw  laser  and  electron  beams  provide  an  extremely  convenient  tool  for 
rapidly  heating  the  surface  of  a  semiconductor  to  a  precisely  controlled  temperature. 
As  a  result,  they  can  be  used  for  a  variety  of  semiconductor  processing  operations,  in¬ 
cluding  growth  of  surface  oxides,  reduction  of  Gss  in  deposited  oxide  Aims,  the  anneal¬ 
ing  of  ion  implanted  layers  and  the  improvement  of  the  electrical  properties  of  both 
metal  silicides  and  deposited  silicon  films.  Experiments  performed  to  explore  these 
processes  will  be  discussed  in  this  paper. 


§1.  Introduction 

Extensive  research  has  been  performed  over 
the  past  few  years  on  the  use  of  both  lasers  and 
electron  beams  for  annealing  damage  created  in 
silicon  by  ion  implantation.  At  Stanford  we 
have  concentrated  primarily  on  the  use  of 
scanned  cw  laser  and  electron  beams  for 
annealing  ion  implanted  silicon.' _4)  The  prin¬ 
cipal  results  obtained  from  this  work,  to  be 
elaborated  upon  below,  are  as  follows: 

(1)  for  thin  amorphized  layers  of  silicon, 
the  annealing  process  is  a  solid  phase  epitaxial 
regrowth  for  which  the  critical  beam  parameter 
is  the  beam  power  divided  by  the  spot  size 
(approximately  0.2  W/micron); 

(2)  recrystallization  of  the  damaged  layer 
is  perfect  (no  residual  damage  in  TEM)  to 
within  a  resolution  of  approximately  50  A ; 

(3)  no  diffusion  of  implanted  impurities 
occurs  during  the  annealing,  irrespective  of 
whether  the  material  is  driven  amorphous  by 
the  implantation ; 

(4)  electrical  activity  can  be  essentially 
100%  even  for  impurity  concentrations  that 
exceed  the  solid  solubility  limit; 

(5)  doped  polycrystalline  silicon  (deposited 
on  either  Si3N4  or  Si02)  can  be  annealed  to 
provide  an  increase  in  grain  size  from  approxi¬ 
mately  200  A  (as  prepared)  to  2  n  x  25  n  (after 
annealing)  with  correspondingly  significant 
reductions  in  the  sheet  resistance  of  the  him. 

All  of  these  effects  can  be  related  directly  to 
the  fact  that  the  scanning  electron  or  laser  beam 
provides  an  extremely  convenient  and  highly 
controllable  process  for  heating  the  surface  of  a 
semiconductor  to  a  given  temperature.  Recogni¬ 


tion  of  this  fact  leads  naturally  to  the  develop¬ 
ment  of  a  number  of  other  processes  that  are  of 
interest  in  silicon  device  technology,  namely 
growth  of  oxides,  reduction  of  Qa  in  deposited 
oxides,  and  control  of  the  reaction  between 
metals  such  as  palladium  and  silicon  to  form 
single  phase  metal  silicides.  In  what  follows  we 
describe  first  the  basic  physics  of  the  process 
and  then  consider  its  applications  to  semicon¬ 
ductor  device  technology. 

§2.  Basic  Laser  Annealing  Systems 

The  basic  annealing  system  used  for  our 
scanned  cw  laser  experiments  is  shown  sche¬ 
matically  in  Fig.  1  and  described  in  Ref.  1.  The 
output  of  an  Ar  or  Kr  cw  laser  is  passed 
through  a  lens  and  deflected  by  X  and  Y 
mirrors  onto  a  sample  that  is  mounted  in  the 
focal  plane  of  the  lens.  The  X  mirror  is  mounted 
on  a  galvonometer  that  is  driven  with  a  tri¬ 
angular  waveform  and  the  Y  mirror  is  mounted 
on  a  galvonometer  that  is  driven  by  a  staircase 
waveform.  This  arrangement  permits  the  beam 
to  be  scanned  across  the  target  in  the  X  direc¬ 
tion,  stepped  by  a  controlled  Y  increment  and 
then  scanned  back  across  the  target  in  reverse 
X  direction.  Individual  scan  lines  can  be 
overlapped  or  not  by  appropriate  adjustments 
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Fig.  1 .  A  general  schematic  of  the  annealing  appa¬ 
ratus,  including  Ar*  laser,  lens  perpendicular  X  and 
Y  mirrors,  and  a  vacuum  sample  holder. 
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of  the  Y  step. 

The  samples  are  mounted  on  a  sample  holder 
that  can  be  heated  to  about  500CC  using  a  set 
of  cartridge  heaters  mounted  in  the  back  of  the 
sample  holder  (not  shown).  Control  of  the 
annealing  ambient  can  be  obtained  by  placing 
a  cylindrical  quartz  jacket  around  the  sample 
holder  and  pumping  appropriate  gases  into  this 
jacket.  A  variety  of  lenses,  laser  powers,  scan 
rates,  and  sample  temperatures  have  been 
found  to  produce  essentially  perfect  annealing 
of  ion  implanted  semiconductors.  If  the  samples 
are  held  at  room  temperature,  a  typical  set  of 
annealing  conditions  consists  of  a  laser  output 
(Ar,  multi-line  mode)  of  7  W  focused  through  a 
79  mm  lens  into  a  38  micron  spot  on  the  target. 
This  spot  is  typically  scanned  across  the  target 
at  a  rate  of  approximately  2.5  cm  per  second. 
Adjacent  scan  lines  are  overlapped  by  approxi¬ 
mately  30%  to  produce  full  annealing  in  the 
overlapped  areas.  The  laser  power  for  full 
annealing  can  be  reduced  (and  the  width  of  the 
annealed  line  increased)  by  increasing  the 
sample  temperature. 

§3.  Surface  Temperature  Profiles 

The  beam  geometry  and  scanning  conditions 
listed  above  lead  to  a  spot  dwell  time  on  the 
order  of  1  ms.  This  is  to  be  compared  to  a 
thermal  time  constant  (for  a  40  pm  cube  of  Si) 
of  approximately  10  /is,  from  which  it  follows 
that  the  semiconductor  suiface  has  adequate 
time  to  come  to  thermal  equilibrium  with  the 
scanning  heat  source.  It  is  therefore  possible  to 
calculate  exactly  the  surface  temperature  that 
will  be  produced  at  the  center  of  the  spot  by 
simply  solving  the  steady  state  equation  for 
heat  flow.  Calculations  of  this  type  have  been 
carried  out  for  both  circular  and  elliptical 
scanning  beams;5*  the  results  for  a  cylindrical 
beam  irradiating  a  silicon  substrate  are  shown 
in  Fig.  2.  The  calculations  presented  there 
account  for  the  temperature  dependence  of  the 
thermal  conductivity  and  specific  heat,  and  have 
proven  to  give  very  accurate  estimates  of  the 
surface  temperatures  achieved  with  the  laser 
beam. 

Two  features  of  these  curves  are  worth 
particular  attention.  First,  the  horizontal  axis 
is  in  units  of  power  per  unit  radius  of  the  beam, 
this  being  due  to  the  fact  that  the  heat  flow 
problem  has  essentially  hemispherical  symme- 
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Fig.  2.  The  true  maximum  temperature  (X=  Y=Z  = 
K=0)  in  Si  is  plotted  versus  the  normalized  power 
p  ( p  =  P(\—R)/Rx )  for  different  substrate  back- 
surface  temperatures. 

try.  As  a  result  the  surface  temperature  is  a 
function  of  power  divided  by  spot  radius  rather 
than  power  per  unit  area  of  the  beam.  Secondly, 
the  sizeable  decrease  of  thermal  conductivity  of 
Si  with  temperature  leads  to  a  situation  in  which 
the  temperature  at  the  irradiated  surface  is  a 
very  sensitive  function  of  the  backsurface  tem¬ 
perature.  For  example,  a  surface  temperature 
at  the  center  of  a  40  micron  spot  of  I000°C  can 
be  obtained  with  a  5  watt  laser  output  if  the 
backsurface  temperature  (or  thermal  bias)  is 
350°C.  If  the  backsurface  temperature  is 
reduced  to  150X,  the  temperature  in  the  center 
of  the  irradiated  area  drops  by  nearly  500°C. 
Hence  it  is  very  important  to  control  the 
backsurface  temperature  accurately,  and  it  is 
also  possible  to  use  relatively  low  laser  powers 
if  substantial  thermal  bias  can  be  employed. 

§4.  Results  for  Ion  Implanted  Single  Crystal  Si 

In  this  section  we  will  consider  the  basic 
experimental  results  which  have  been  obtained 
using  scanning  laser  and  electron  beams  to 
anneal  ion  implanted  silicon. 

4.1  As* -implantations 
Samples  for  the  first  set  of  experiments  were 
prepared  by  implanting  3xlOl4/cm2  As+  at 
100  keV  into  purposely  misoriented  <I00>  Si. 
Rutherford  backscattering  measurements  show 
that  this  dose  is  sufficient  to  drive  the  Si 
amorphous  to  a  depth  of  ~  1000  A. 

After  implantation  the  wafers  were  cut  into 
a  number  of  5  mm  x  5  mm  samples  and 
annealed  under  a  variety  of  conditions.  For 
comparison  purposes,  some  samples  were 
thermally  a  mealed  at  IOOG^C  for  1/2  hour,  a 
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treatment  that  is  known  to  be  sufficient  to 
recrystallize  the  amorphous  layer  on  the 
underlying  substrate  and  incorporate  essentially 
all  of  the  implanted  As  atoms  on  substitutional 
sites.  Other  samples  were  annealed  with  the 
scanned  cw  laser  beam  under  a  variety  of 
conditions.  The  following  results  were  obtained 
with  the  conditions  described  previously. 

4.1.1  Sheet  resistance 
The  probe-to-probe  resistance  was  measured 
on  an  ASR  Model  100  spreading  resistance 
probe. 2)  The  thermally  annealed  samples 
exhibit  a  probe-to-probe  resistance  of  157  + 
3  O,  corresponding  to  a  sheet  resistance  of 
~200fl/Q  The  laser  annealed  samples  show 
an  essentially  identical  sheet  resistance  in  the 
annealed  area  (160+ 10  fl)  and  a  probe-to- 
probe  resistance  of  ~  3000  Cl  in  the  unannealed 
(as-implanted)  area.  Similar  experiments  per¬ 
formed  with  overlapped  scan  lines  show  that 
the  laser  can  recrystallize  the  amorphous  layer 
at  least  as  well  as  a  thermal  anneal,  with  regard 
to  both  crystallinity  and  substitutionality  of  the 
unplanted  species,  as  long  as  the  scan  lines  are 
overlapped  by  at  least  30%. 
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Fig.  3.  Carrier  concentration  and  mobility  profiles 
obtained  on  As-implanted  samples  annealed  with  a 
scanning  Ar  cw  laser  beam. 


4.1.2  Impurity  profile 

Figure  3  shows  the  impurity  profiles  obtained 
by  SIMS  under  as-implanted,  laser  annealed 
and  thermally  annealed  conditions.  The  most 
striking  feature  of  this  figure  is  that  the  laser 
annealed  profile  is  identical  to  the  as-implanted 
profile.  In  other  words,  there  has  been  no 
diffusion  of  the  implanted  species  during  the 
laser  anneal.  Furthermore,  the  as-implanted 
impurity  distribution  is  matched  exactly  by  the 
Pearson  type  IV  distribution  function  using 
LSS  moments,  so  the  experimental  and  theo¬ 
retical  profiles  are  in  excellent  agreement.  The 
thermal  anneal  shows  the  well-catalogued 
impurity  redistribution  given  by  the  open 
triangles  in  Fig.  3. 

Majority  carrier  profiles  and  carrier  mobil¬ 
ities  were  obtained  by  sheet  resistance  and  Hall 
effect  measurements  and  are  shown  in  Fig.  4. 
As  can  be  seen  the  carrier  concentration  profile 
also  fits  the  Pearson  type  IV  distribution  quite 
well.  Under  very  high  dose  conditions  (>  10 16/ 
cm2).  As  precipitation  can  occur  near  the  peak 
of  the  profile,  leading  to  a  residual,  nonsubstitu- 
tional  As  content  of  approximately  5  %.6> 

4.1.3  Transmission  electron  microscopy 

Typical  results  of  TEM  performed  on 

thermally  annealed  and  laser  annealed  samples 


200  400  600  800  1000  1200 

DEPTH  (£) 

Fig.  4.  As  concentration  profile  in  As-implanted 
silicon  after  laser  anneal  and  thermal  anneal. 
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are  shown  in  Fig.  5.  The  thermally  annealed 
sample  (Fig.  5a)  shows  a  single  crystal  diffrac¬ 
tion  pattern  with  a  bright  field  micrograph 
containing  the  usual  variety  of  ~  200  A 
diameter  defect  clusters  and  dislocation  loops. 
The  laser  annealed  sample  shown  in  Fig.  5b  is 
essentially  free  of  any  defects  observable  in 
TEM  except  near  the  boundary  between 
crystallized  and  amorphous  regions.  It  should 
be  emphasized  also  that  no  defects  are  observed 


in  TEM  in  the  region  where  adjacent  scan  lines 
overlap. 

4.1.4  Recrystallization  model 

The  absence  of  diffusive  redistribution  rules 
out  a  melting/lk.uid  phase  epitaxial  recrystal¬ 
lization  mechanism  for  the  anneal,  such  as  is 
believed  to  occur  for  Q-switched  laser  anneal¬ 
ing.7'81  Instead,  it  has  been  shown  by  two 
independent  experiments9-10’  that  under  proper 
operating  conditions  the  scanning  cw  laser 
promotes  solid  phase  epitaxial  recrystallization 
of  the  amorphized  layer.  The  solid  phase  growth 
rates  obtained  are  within  experimental  error  of 
those  obtained  by  extrapolating  the  measure¬ 
ments  of  Csepregi  et  al.li)  to  the  surface  tem¬ 
perature  calculated  from  Fig.  2.  A  similar 
orientation  dependence  is  also  measured. 

A  solid  phase  epitaxial  recrystallization 
model  will  of  course  explain  all  of  the  previous 
data  satisfactorily,  especially  the  absence  of  any 
apparent  As  diffusion  during  the  anneal.  Such  a 
result  would  be  expected  if  the  sample  is  not 
melted  since  the  As  diffusivity  in  either  amor¬ 
phous  or  crystalline  Si  is  too  low  to  permit 
significant  redistribution  in  1  ms  (the  laser  spot 
dwell  time  in  the  scanning  anneal). 


4.2  B- implanted  single  crystal  Si 

A  similar  set  of  experiments  has  been 
performed  in  B-implanted  Si.  The  central 
results,  reported  in  Ref.  3,  are  identical  to  those 
described  above  for  As-implanted  Si.  In 
particular,  100%  electrical  activity  can  be 
obtained  with  no  diffusion  of  the  implanted 
species  from  its  as-implanted  profile.  Recrystal¬ 
lization  is  also  perfect  as  judged  by  TEM  to  a 
resolution  of  ~20A.  These  results  are  inde¬ 
pendent  of  whether  the  B  is  implanted  into 
pre-amorphized  Si  or  directly  into  single  crystal 
material. 


§5.  Doped  Polycrystalline  Si 

An  interesting  and  potentially  very  important 
application  of  the  scanning  cw  laser  system  is 
in  the  annealing  of  doped  polycrystalline  Si. 
This  material  is  used  for  gates  and  interconnects 
in  Si-gate  MOS  devices,  where  the  sheet 
resistance  of  the  material  is  an  important  (in 
some  cases  limiting)  characteristic  for  device 
operation. 

The  material  used  for  these  experiments  was 
~0.5  jim  thick  undoped  poly-Si  obtained  by 


Fig.  5.  Electron  micrographs  of  As-implanted  silicon 
subjected  to  thermal  anneal  of  1000°C  30  min 
(a)  and  laser  annealing;  (b)  inserts  show  diffraction 
patterns  which  are  typical  to  their  regions. 
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low  pressure  CVD  deposition  on  a  Si3N4 
amorphous  substrate.  B  was  implanted  into  as- 
received,  undoped  material  to  a  level  of  5  x 
1014/cm2  at  an  energy  of  60  keV.  This  results 
in  a  B  peak  near  the  center  of  the  film  and  an 
average  impurity  concentration  of  ~1019/cm2. 

Samples  thermally  annealed  in  flowing  N2  at 
1000°C  for  1/2  hour  show  a  sheet  carrier  con¬ 
centration  of  4.7x1 01 4/cm2  and  a  carrier 
mobility  of  24  cm2/V-sec.  The  sheet  resistance 
was  623  11/n .  These  results  are  typical  for  ion- 
implanted,  thermally  annealed  poly-Si.  The 
relatively  low  mobility  is  due  to  the  small  grain 
size,  measured  to  be  900-1200  A  for  the  experi¬ 
mental  parameters  listed  above. 

For  laser  annealing,  a  136  mm  lens  was  used 
in  the  apparatus  shown  in  Fig.  1,  with  a  total 
laser  power  of  1 1  watts,  a  scan  rate  of  12.5  cm/ 
sec,  and  a  sample  temperature  of  350°C.  Under 
these  conditions,  as-implanted  samples  show, 
after  laser  annealing,  a  sheet  carrier  concentra¬ 
tion  that  is  essentially  identical  to  the  implanted 
dose  and  a  carrier  (hole)  mobility  of  45  cm/ 
V-sec.  The  sheet  resistance  of  the  laser  annealed 
poly-Si  is  269  O/D ,  a  factor  of  ~  2.2  lower  than 
that  of  the  thermally  annealed  material.  A 
further  reduction  in  sheet  resistance  to  260  Q/D 
can  be  obtained  by  laser  anneal  following  a 
thermal  anneal  on  account  of  the  impurity 
redistribution  that  occurs  during  the  thermal 
anneal.1 2) 

The  principal  result  of  the  laser  anneal  is  the 
dramatic  increase  in  carrier  mobility.  The 


Fig.  6.  Transmission  electron  micrograph  of  ion- 
implanted  laser  annealed  poly-Si  film  at  boundary 
of  laser  scan  line;  insets  show  selected  area  diffrac¬ 
tion  patterns  characteristic  of  each  region. 


principal  cause  of  this  increase  is  shown  in 
Fig.  6,  where  we  show  a  transmission  electron 
micrograph  of  the  laser  annealed  poly-Si  at  the 
boundary  of  a  laser  scan  line.  The  left  side  of 
the  figure  shows  the  as-deposited,  as-implanted 
poly  Si;  the  right  side  shows  the  material  after 
laser  anneal.  The  grain  size  in  the  laser  annealed 
material  has  been  increased  very  dramatically. 

The  laser  annealed  poly  observed  under  less 
magnification  is  found  to  consist  of  crystallites 
that  are  ~2/imx25/im.  These  crystallites 
develop  at  an  angle  to  the  scan  boundary, 
developing  a  chevron  structure  in  the  direction 
of  the  laser  scan  line.  The  crystallites  show  no 
evidence  of  fine  grained  poly-Si  in  the  scanned 
region  and  appear  to  grow  with  no  preferred 
orientation. 

The  increase  in  grain  size  leads  to  a  situation 
in  which  lattice  (including  grain  boundary) 
scattering  is  insignificant  compared  to  impurity 
scattering  (for  the  relatively  high  doping  density 
employed).  The  result  is  that  the  carrier  mobility 
obtained  is  essentially  the  same  as  would  be 
obtained  in  a  single  crystal  for  the  doping 
density  employed. 

§6.  Thin  Film  MOSFETs  Fabricated  Directly 
on  Laser-Annealed  Polycrvstalline  Silicon 

Polycrystalline  silicon  films  formed  by  chemi¬ 
cal  vapor  deposition  are  also  a  potentially 
important  material  for  device  fabrication.  How¬ 
ever,  the  relatively  small  grain  size  obtained 
under  normal  growth  conditions  makes  device 
fabrication  unfeasible  since  the  grain  bound¬ 
aries  usually  determine  the  transport  properties 
of  the  film.  For  example,  pn  junction  diodes 
fabricated  in  poly-Si  exhibit  minority  carrier 
lifetimes  on  the  order  of  20  psec;131  and 
MOSFETs  fabricated  on  such  films  have  also 
exhibited  poor  electrical  properties,  particularly 
transconductance. 14) 

The  similarity  in  electronic  properties  be¬ 
tween  laser  annealed  poly-Si  and  single  crystal 
Si  leads  naturally  to  the  question  of  whether 
MOSFETs  with  reasonable  electrical  character¬ 
istics  can  be  fabricated  directly  in  the  laser 
annealed  polycrystalline  material.  To  study  this 
possibility,  conventional  poly-Si  samples  having 
a  thickness  of  5500  A  were  prepared  by  low 
pressure  chemical  vapor  deposition.  The  sub¬ 
strates  were  (for  convenience  only)  single 
crystal  Si  onto  which  a  1000  A  layer  of  silicon 
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nitride  had  been  deposited.  Phosphorus  was 
implanted  at  an  energy  of  100  kV  to  a  dose  of 

3  x  10,2/cm2  to  form  the  channel  for  depletion 
mode  devices.  Boron  was  implanted  at  an 
energy  of  100  kV  to  a  dose  of  3  x  10‘  ‘/cm2  for 
the  enhancement  mode  devices.  The  wafers 
were  then  annealed  by  an  Ar  cw  scanning  laser 
so  that  long  grains  were  formed.  The  annealing 
conditions  were  similar  to  those  just  described. 
Enhancement  and  depletion  mode  devices  were 
then  prepared  by  conventional  MOS  processing. 

The  drain  characteristics  for  these  devices  are 
found  to  be  quite  similar  to  those  obtained  using 
the  same  processing  sequence  on  single  crystal 
silicon. 1S>  Carrier  mobilities  in  the  channels  of 
these  devices  are  found  to  be  approximately 
340  cm2/V-sec,  compared  to  a  value  of  630  cm2/ 
V-sec  obtained  in  single  crystal  silicon.  A  9- 
stage  ring  oscillator  has  been  built  on  this 
material, i6>  using  devices  with  a  gate  length  of 

4  microns,  with  the  ring  oscillator  exhibiting  a 
period  of  70  nsec.  The  period  estimated  for  a 
similar  ring  oscillator  built  on  single  crystal 
material  is  33  nsec. 

These  results  suggest  that  poly-Si  that  is 
annealed  under  conditions  that  produce  long 
grain  crystallites  can  successfully  be  used  for 
fabrication  of  integrated  circuits,  leading  to 
the  intriguing  possibility  of  layered  (high-rise) 
IC’s. 

§7.  Laser-Assisted  Oxidation  of  Silicon  Sur¬ 
faces 

The  fact  that  the  surface  of  a  silicon  wafer 
can  be  heated  to  temperatures  on  the  order  of 
1000°  during  laser  annealing  indicates  that, 
if  the  surface  is  left  in  an  oxidizing  environment, 
Si02  can  be  expected  to  grow  on  the  irradiated 
surface.  By  purposely  providing  the  irradiated 
surface  with  a  conventional  oxidizing  environ¬ 
ment  (02  or  steam),  this  feature  can  be  used  to 
grow  oxides  of  a  desired  thickness  on  a  silicon 
substrate.  Preliminary  results  on  experiments  of 
this  type  show  that  the  oxidation  rates  for  laser- 
assisted  steam  oxidation  are  comparable  to  the 
furnace  oxidation  rates.  There  is  some  possi¬ 
bility  that  the  oxidation  rate  is  enhanced 
somewhat  over  the  purely  thermal  rate,  due 
possibly  to  the  electron-hole  pair  density  pro¬ 
duced  by  the  laser  beam.  To  date,  the  experi¬ 
ments  have  not  been  carried  sufficiently  far  to 
either  justify  or  negate  the  possibility  of 


enhancement  of  the  oxidation  rate  due  to  the 
photon  flux. 

By  repeated  raster  scanning  of  a  silicon 
surface  immersed  in  an  oxidizing  environment, 
it  has  been  possible  to  grow  ~200A  thick 
oxide  layers  having  breakdown  voltages  of 
more  than  20  V.  There  is  a  distinct  tendency 
for  slip  lines  to  form  on  the  surface  of  the 
underlying  silicon  under  the  oxidation  condi¬ 
tions,  though  this  effect  can  be  minimized  by 
using  a  relatively  large  substrate  temperature 
and  low  laser  power.  Investigation  of  the 
electronic  properties  of  silicon  surfaces  that 
have  been  oxidized  by  this  process  is  currently 
underway. 

§8.  Reduction  of  Qgg  in  Deposited  Si02  Film 

It  is  often  important  to  be  able  to  reduce  the 
surface  state  charge  density  (Css)  in  films  that 
are  intended  for  MOS  device  fabrication. 
Si02  films  deposited  by  chemical  vapor  deposi¬ 
tion  typically  have  values  of  Css  that  are  far  too 
large  to  be  useful  for  MOS  device  fabrication, 
and  it  is  therefore  of  interest  to  determine 
whether  an  annealing  process  can  be  used  to 
reduce  Css  *n  these  deposited  films. 

Thermal  annealing  procedures  have  been 
devised  that  are  capable  of  reducing  Css  from 
an  as-deposited  value  of  approximately  5x 
19n/cm2  to  a  residual  value  of  approximately 
2  x  1010/cm2. 

A  set  of  preliminary  experiments  were 
performed  to  determine  the  effectiveness  with 
which  a  scanning  argon  laser  can  be  used  to 
reduce  Css-  A  laser  power  of  6  W  and  a  dwell 
time  of  3  ms  was  found  to  be  sufficient  to 
reduce  Css  to  a  level  of  6  x  10,o/cm2.  This  is  not 
as  low  as  can  be  obtained  with  thermal  anneal¬ 
ing  procedures,  but  is  nonetheless  acceptable 
for  some  device  applications.  It  seems  likely 
that  an  appropriate  combination  of  laser 
annealing  parameters  and  annealing  ambient 
will  lead  to  a  further  reduction  of  Css*  to  values 
that  are  essentially  identical  to  those  that  can 
be  obtained  with  a  thermal  anneal. 

$9.  Laser-Assisted  Formation  of  Palladium 
Silidde 

In  work  previously  reported,  we  have  used 
a  scanning  cw  argon  laser  to  successfully  react 
very  thin  (approximately  300  A)  layers  of 
palladium  with  silicon  to  form  single  phase 
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palladium  silicide  (both  PdSi  and  Pd2Si).  The 
reflection  of  light  produced  by  thicker  metal 
films  in  the  original  experiments  was  such  that 
the  metal/silicon  reaction  could  not  be  con¬ 
trolled  by  the  laser.  To  circumvent  this  problem, 
we  decided  to  use  E-gun  evaporated  layers  of 
palladium  (1000  A  thick)  and  silicon  (500  A 
thick)  to  form  a  Si-Pd-Si  sandwich  in  which 
laser  reflection  from  the  front  surface  of  the 
metal  can  produce  sufficient  energy  deposition 
in  the  top  layer  of  silicon  to  promote  silicide 
formation. 

The  central  results  obtained  with  this  experi¬ 
mental  structure  are  shown  in  Figs.  7  and  8. 1 71 
In  Fig.  7  we  show  the  backscattering  spectra  for 
both  the  unreactcd  palladium  on  silicon  and  the 
reacted  layers  that  are  produced  when  a  6  W, 
40  n  spot  is  scanned  across  the  multilayer  film 
at  a  speed  of  10  cm/sec  (backsurface  tempera- 
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Fig.  7.  McV  4 He  backscattering  spectra  for  Si 
(200  A)/Pd  (1000  A)/Si  sample  before  and  after 
laser  anneal  6  W. 


Fig.  8.  MeV  4 He  backscattering  spectra  for  Si 
(200  A)/Pd  (1000  A)/Si  sample  after  being  laser- 
annealed  at  various  powers.  PdjSi  and  PdSi  were 
formed  at  10  W  and  12.5  W  respectively. 


ture  of  25°C).  Some  interdiffusion  of  the 
silicon  and  palladium  is  apparent  from  this 
spectrum. 

In  Fig.  8  we  show  the  backscattering  spectra 
for  10W  and  12.5  W  of  laser  power,  respec¬ 
tively,  and  observe  that  for  the  10  W  condition 
there  is  complete  mixing  of  the  palladium  and 
silicon  in  both  directions  from  the  center  of  the 
palladium  film.  The  palladium-to-silicon  ratio 
obtained  from  this  data  is  exactly  2:  1.  Mea¬ 
surements  made  on  a  Read  camera  show  that 
well  over  95%  of  this  film  is  single-phase 
PdjSi.  When  the  laser  power  is  increased  to 
12.5  W  the  palladium-to-silicon  ratio  changes 
to  exactly  1:1,  indicating  that  the  average 
composition  of  the  film  is  now  1 :  I  (Pd  to  Si). 
Once  again  X-ray  analysis  shows  that  the  film 
is  almost  completely  single  phase  PdSi. 

§10.  Scanning  Electron  Beams 

We  have  used  scanned  cw  electron  beams  to 
anneal  arsenic  implanted  <I00>  silicon  with 
results  that  are  very  similar  to  those  obtained 
using  the  scanning  laser.4'  This  result  has  been 
obtained  using  both  an  electron  beam  welder 
and  a  modified  scanning  electron  microscope 
as  the  instrument  for  providing  the  scanning 
electron  beam.  In  both  cases  there  is  no  redistri¬ 
bution  of  the  implanted  dopant  during  the 
annealing  process,  suggesting  that  solid  phase 
epitaxy  is  the  annealing  mechanism  for  scanning 
electron  beam  annealing  as  well  as  scanning 
laser  annealing.  Essentially  perfect  recrystal¬ 
lization  as  judged  by  both  transmission  electron 
microscopy  and  the  channeling  effect  is  ob¬ 
tained  for  both  cases,  and  electron  concentra¬ 
tions  in  excess  of  I021  electrons/cm3  have  been 
found  for  the  arsenic-implanted  silicon  layers. 
Mobilities  agree  well  with  values  measured  for 
bulk  silicon  samples  of  equivalent  doping. 
Also,  the  reaction  of  refractory  metals  on 
silicon  surfaces  using  the  electron  beam  has 
been  shown  to  provide  an  interesting  process 
for  forming  metal  silicide  layers,  in  this  case 
without  the  overlayer  of  silicon  that  is  necessary 
if  a  laser  beam  is  to  be  used. 
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